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A B S T R A C T
The need for further studies on the Thermal Diffusion effects 
relative to the separation of Common Gases.is demonstrated. 
Classical theory, as derived by Furry, Onsager and Jones, for 
Isotopes included a number of assumptions, the validity of 
which has been examined for binary and ternary mixtures of 
He, and CC^. The theory has been fully derived to ensure 
that the significance of each step be considered. Particular 
emphasis is placed on the investigation of separation and 
transport phenomena for three-component mixtures.
A large thermal diffusion column of plate type was used with 
a 1" gap. This minimises the edge effects and ensures accurate 
s.ampling and temperature measurements. A detailed study of the 
’field1 of concentration and temperature in the gap, was neces­
sary to check the applicability of the theory. Special sampling 
apparatus and installation was developed to achieve the accuracy 
required.
The physical parameters, such as viscosity* specific heat, 
density, heat conductivity, are all temperature dependent and 
the values of these parameters were determined as functions of 
temperature within the range of the temperature field.
It has been demonstrated that the original equation of the 
average transport and separation as derived by Furry and Jones 
and others were not successful in correlating the experimental 
results either for binary or ternary common gas mixtures. This 
was established incidental to the main scientific study.
The study of ’fields1 was especially important as the attempt 
to correlate the Data by means of classically developed equa­
tions were rather unsuccessful. In this respect an initial 
study was made of the field on the basis of convection and 
conductance. Nusselt type equations were developed so that the 
effects of convective disturbances across the gap could be 
related to concentration and temperature profiles. It was 
realised from the study as well as was evident from the theories 
the convective contribution can be preferably considered to be 
minimal. This is in agreement in fact with the original concep-
( i i )
tion Qf Furry, Onsager and Jones who neglected them and 
restricted their development to a s  tudy of conductance 
across the gap. This in no way affects the thermo-gravita­
tional aspect of the mechanism of enhancement of separation.
At least three methods were used to determine the contribution 
of each component in the mixtures to the conductivity and 
therefore heat flux across the gap. The corrected and measured 
temperature profiles agreed with all three theoretically 
predicted profiles of temperatures. In two of these methods, 
where a restricted gas space (2w) was considered, the agree­
ment was excellent. It was noted, not only were the tempera­
ture profiles non-linear, but they gave consistent shapes of 
curves for many experiments; these shapes are shown in the 
thesis. There is clear evidence of the effect of the thermo- 
gravitational effects close to the walls where the curves take 
on a different shape from the central span.
This change in shape is, of course, due mainly to changes in the 
heat conductivity and also, to a smaller degree, to those of 
specific heat, density and viscosity.
The relationship between temperature and concentration profiles 
have been derived mathematically. The temperature profiles can 
be directly derived from the concentration profiles by equations. 
These derived temperature profiles compared exactly with the 
measured profiles.
Initial work on the reverse procedure has been commenced and 
the equations, considered as simultaneous, gave correct values 
of concentration. The problem, however, is not complete yet 
due to the extensive data and computation required.
It is hoped eventually to be able to obtain concentration 
distribution from boundary conditions only (i.e. temperatures 
of hot and cold walls).
Theory has been developed which examines phenomenologically 
the separation and transport in a large thermo-gravitational' 
column for the cases of ’total reflux’ and for small mass flow 
of gas through the column. The theories avoid the inaccuracies
( i i i )
inherent in too many simplifications and assumptions which 
in other circumstances such as separation of isotopes are 
justifiable. The present approach is capable of extensive 
development for the prediction of separation in multicomponent 
gas mixtures.
( i v )
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CHAPTER 1
The "thermal diffusion effect" appears in a mixture of 
gases (or fluids in general) when the temperature of the 
mixture is not uniform. The temperature gradient in the 
mixture causes the migration of constituents and creates a 
concentration gradient, which is maintained (by the tempera­
ture gradient) against the ordinary diffusion, which tends to 
equalize the concentrations.
The phenomenon of thermal diffusion was first noticed and 
discussed by E n s k o g ^ ^  in (1911-1912) but it was first demon­
strated by Chapman and Dooston in (1917). Also in (1917)
(2 ) .Chapman independently from Enskog published his mathemati­
cal theory on thermal diffusion (in two component system).
In the same year Enskog correlated Chapman's work to 
agree with his own. (The algebraic differences were in 
Chapman's treatment of inverse power model of gas.)
The works and investigations that followed, were mainly 
experimental and based on theories of Chapman and Enskog,
D o o s t o n ^ ^  , I b b s ^ \  Underwood^^ , L u g g ^ \  also Bastick 
( 8 )and Ibbs were using various (binary) gas mixtures in the 
so-called two bulbs experiments.
The gas mixture was kept in two bulbs connected by a 
short length of (small diameter) tube. In this way the con­
vective/gravitational effects were minimised inside the (hori­
zontal) tube. The bulbs were kept at different temperatures 
and so the thermal diffusion effect was taking place along the 
temperature gradient in the tube (between the Hot and Cold 
bulbs).
On reaching the equilibrium the bulbs could be separated 
and the contents analysed. The separations were very small 
but the thermal diffusion constant determined
from them.
1 !  INTRODUCTION (HISTORICAL)
1
I
|:i
fFI
I
I
(9) . . .  . . 5Nier was investigating the izotopes of Neon by this
method and the effect of temperature on (a). - s
1
The first experiment, where the force of gravity was 
allowed to operate together with thermal diffusion effect, was 
performed by Clusius and Di.ekel^1 0  ^ in (1937). Their work was 
published in 1940. They used a vertical tube (column) - 
1 cm in diameter and 100 cm long. A hot wire stretched axially 
through the centre of the tube was maintaining the temperature 
gradient between the walls and the centre of the tube.
The combined effect of convective currents (due to gravity) 
along the tube and of the transversal thermal diffusion effect, 
at each level, increased the separation. This first column was 
used for separation of isotopes of ^e and G ^ .
The work of Clusius and Dickel was a basis for all experi­
ments with thermal diffusion columns that followed.
Q-D . (12)Jensen , S t e m w e d e l  s Jones, Furry and
(13)Onsager , experimenting mainly with isotopes, developed their 
theories on separation of binary systems in thermo-gravitational 
columns. Very little work has been done on common gases.
It appears that an early attempt to separate the common 
gases (H2 and C O ^ o n  a pilot plant scale, (15ft. column) was 
done between 1942-1944 by Thomas (private communication).
Later, 1947-1952 the work on separation of common gases by ther­
mal diffusion was carried out further by Thomas ^ ^ a t  Kings 
College (London) as a continuation of his early experiments in 
(1942-1944). Gases used were: H^, CO, °2* N 2 ‘
An important part of this work was to check the usefulness 
of transport equations (derived for isotopes) for the separation 
of common gases. The transport equations appeared in recent 
publications (at that time) with the theory on separation of 
binary mixtures of isotopes by Jones, Furry and Onsager. ( 13) (13a) .
Tentative experiments were also carried out on the same 
plant with three component gas mixtures, but no correlation was 
successfully established at that time.
It was realised that the two main reasons for the lack of
2
(a) Inadequate accuracy of measurements of 
temperature and of concentration in the gap.
( b )  T h e .1imitat ions of the assumptions made by 
Jones, Furry and Onsager for.their isotope 
separation, as applied to the.results obtained 
from the pilot plant, while separating the 
common gases.
c o r r e l a t i o n  w er e :
1.2 THE SCOPE OF THE PRESENT WORK
The initiation of the present work follows logically 
from that of Thomas (Ph.D. Thesis 1952), also (separation 
of common gases by thernal diffusion, Thomas and Watkins, 
Chem.Eng.S. Vol.5 pp 39-49, 1956), also (the separation of 
multicomponent mixtures, Thomas a .d Watkins, Chem. Eng. Sc. 
Vol.6, pp 26-34, 1956). (l4>
1.2.1. Experimental
The need for a large column in which the samples of gas 
and the temperature measurement were free from "end effects" 
was realised and lead to the construction of the present 
large parallel plate column.
Not e : The practical difficulties known as "end effects"
also remind us that the withdrawal of a sample, 
however slow, affects the equilibrium at the point 
of withdrawal and the composition of the sample 
collected, does not represent the equilibrium at 
that point.
This effect is, of course, minimized if the column 
is of large capacity.
The investigations carried out included binary and 
ternary mixtures of common gases.
The samples to have comparative value (He> N ) had
to be withdrawn by a "standard method" during the investiga­
tions .
Therefore, the "preliminaries" included:
(1) The design and development of apparatus to obtain 
samples of gas mixture from points in the gap with
minimum disturbance of local conditions.
3
(2) The design a n d .development.of instruments for 
exact measurements of temperature at points in 
the gap.
(3) The experimental determination of point values of
concentration and temperature had to be done simul­
taneously at various, chosen points in the gap. 
Therefore, a switching (ON/OFF) .ins tall at ion was 
designed and developed for the temperature 
measuring and for sample collection system.
1.2.2. Theoretical
1. The re-derivation of the fundamental equations 
relating to the thermal diffusion including hydrodynamics 
(Navier Stoke), for better understanding of the mechanism 
of separation of gases.
2. To find out and to examine the significance of the 
assumptions made by Jones, Furry and Onsager, relating them 
to our system of _2 and _3 component mixtures of common gases.
3. To derive and develop a method for estimating the 
concentrations from the temperature distribution in the gap, 
(by equations).
This, possibly, leading to establishing a separate 
procedure for different conditions of operation.
(Ex; for a closed system or when a positive mass 
flow through the column is adjusted.)
4. To check if the interrelation between the temperature 
distribution and the concentration distribution A/C the gap 
(at various levels) could lead to the method of estimating 
concentrations in the gap, only from the geometry of the 
column and from the boundary temperature measurements
(i.e.; Tjj , Tc , and AT).
4
CHAPTER 2
2.1 DEVELOPMENT OF THE THERMAL DIFFUSION APPARATUS
AND OF AUXILIARY EQUIPMENT
2.1.1. The Column
The simplest design would be: two axial cylinders 
with manifolds added at both ends. However, in view of some 
mathematical complications with "cylindrical case" (in transfer 
problems),it was decided to build a parallel plate column.
The complications, due to cylindrical shape were mentioned 
(13  Ci )by Jones & Furry , also, the writer was doing some work at 
that time on heat transfer in parallel flow, radial flow and 
into a semi-infinite medium and could also appreciate the 
complications.
Also, we thought of possible use of interferometry (or 
Shlieren Effect) to observe the changes in the gap. Therefore, 
with a flat column approx. 1 meter wide, if the "inspection 
windows" were provided at various levels (Sketch ID, 2D,) 
Drawing 1), (photograph 1 ) on the narrow walls opposite the 
gap, then the "analysing beam" could be passed through the gap 
and a standard beam, in parallel, outside the column.
The other consideration was to minimize the "end effects", 
especially the flow of heat through the solid fittings at both 
ends of the column.
Therefore, it was decided to make the column symmetrical 
as shown by the cross section (Dr. 6a). In fact, the column 
was made as an assembly of two tubes, rectangular in cross 
section.
The inner dimensions of the outer tube being (3|" x 39") 
and the outside dimensions of the inner tube (1|" x 37"); 
therefore an (1 inch) gap is formed all round.
To position and to fix the inner tube and to provide gas 
containers (of larger cross section) at both ends of the gap 
space, the manifolds were made.
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At the bottom end, the manifold is welded to the outer 
tube (Sketch 17) and the inner tube is fixed in this bottom 
manifold, by means of a steel flange and "Sindanyo" gaskets. 
Therefore, the physical contact between the tubes (in the 
manifold) is through an asbestos type material and approx.
6 inches away from the top of the one inch gap. Thus the 
end effect is minimised.
At the top of the column, only the bottom half of the 
(top) manifold is welded to the outer tube (Sketch 16).
The top half (of this manifold) is fixed to the inner 
tube by means of a steel flange and "Sindanyo" gaskets.
Then both halves are joined together by means of a bellow 
expansion joint to make a gas-tighti compartment. (The outer 
margins of the bellow are gripped between the flanges and flats 
by means of bolts and nuts (Sketch 16).
Four steel studs (G) in (Sketch 16) are used as guides 
to maintain the central position of the inner tube (during the 
thermal expansion).
Various types of the expansion joint were proposed, (Dr. 
6,16) and the negotiations stopped the progress of this project 
for two years. Then, W.J. Fraser & Co.Ltd. agreed to make the 
joint as in (Sketch 16)» taking no responsibility and it was 
a success.
It is visible from the (Sketch 16), that the edges of 
plates (1/16M steel) were first spot welded together round the 
edges about (1/8") from the edge. Then, the edges were welded 
all round for gas tightness. In this way all stresses, during 
the expansion were taken by the spot welds while the welded 
edges maintained the gas tightness.
W.J. Fraser & Co. Ltd. made the column according to our 
design and drawings. v;
The column had a large capacity so that samples (with­
drawn) would not upset the equilibrium.
Parallel gap space 4.5 cu.ft.
Manifold space 2.86 cu.ft.
Total volume 7.34 cu.ft.
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Also the area of the cold walls was 56.6 sq.ft.
area of the hot walls x^as 51.4 sq.ft.
One of the difficulties x*as special jigging required to 
maintain the flatness of the cold walls while welding on the 
vertical stiffners (Dr. 2 ). Together with the horizontal 
frames, the stiffners maintained the rigidity of the structure 
Also they helped to distribute the cooling water film.
Inside the inner tube (Dr. 14) there were five vertical 
stiffners dividing an (I1*) wide gap into (6) compartments 
where (12) resistance heaters were suspended.
2.1.2. Heating installation, including hot nitrogen 
circulation and cooling water
The design and development was ' on the • basis--df the 
following calculations:
(the details are in Appendix 2)
Assuming the temperature of the cooling xvater Tq 5* itCl5°C 
(59°F)andan average temperature of the hot wall 
T^ * 400°C (752°F), also from the geometry of the column
the area of the cold walls = = 56.7 sq.ft.
the area of the hot xj a11s = A^ = 51.4 sq.ft.
the heat transferred by radiation was first calculated.
qmov = 49 BTU/ . - .max m m  sq.ft.
- 40 BTU/ . av m m  sq.ft.
Considering the presence of convective currents in the gap
(following the analysis by Coulson and Richardson and
jr - ( 1 5 ); K r a u s s o l d )
" J E §  =N“ = ° - 5 (Gr  • V 0 ' 25^cond x
where: x = 1/12 ft width of the gap
AT = total temp.drop A/C the gap
h - heat transfer coeff.
K - thermal conductivity coeff.
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Grashof and Prandtl's numbers were calculated (for air):
Q a  -  £■ / ■ £ $ / / A / p r  .
P a  0  ■ 7 7
then
- ■ S -  =  0 - 7 7 )  ~ £ - g £ 4 -
M  ArAc
then heat by conductivity ; 
was calculated:
A, -  A  . &Z--g; a * £ Z £  a . 0 ^ z r / i f f L  7
w h e re :  ^  f a r *
• e> J i2 7 /z
X  -  / i x c £
AT = TR - Tc = 752-59 = 693°F
Therefore, - the heat by conduction and convection:
Q = Qk x 2.664 = 0.0525 x 2.664 ® 0.14 ( ~ ^ ~ — )
ft sec
•• ‘ h f l r t lL .ft min/.
then, total heat transferred A/C the gap:
Qt = Q+ Q rad. = 8.4 + 49. 17 = 57 . 5 7 7  —  7
£ ft min./
or total heat per minute through the column:
o = 57 .577 x 51.4 = 2960 /— ^ — 7  
c o l .  L mi n  -/ •
To transfer this amount off heat
to> the inner tube (per minute), using electric heaters inside 
the tube, would mean local overheating of the wall and no 
uniformity of temperature distribution. Therefore, it was 
checked first, if the heat could be supplied by circulating the 
hot Nitrogen through the tube. (The inner tube would be acting 
as an element of heat exchanger.)
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Starting with. Nusselt equation; 
Nu ® 0.0.23 x Pr°*4 x Re0,8
h •de = 0.023 x
KN(
0.770 -4 * P k S L . )  ° ‘
h x 1.71 
12 x 0.018 0.0207 x
f  1.71
(12 x 0.0
0-2
0 .8
315 x ] i j 1
h 19 G 0 . 8
where: de « equivalent of diameter for the inner tube
de = 4( C/S area)
perimeter 1.71 in
“N, » 0.018 6 BTUhr x ft^ (°F/ft))
mass flow
Therefore the heat transferred from the hot wall:
J) /?■ &  t fr t  ~  J f  * r />  ff- * J?Q * c )
C r / ' i  *  t r n  -  Af<2
then, assuming the temperature drop 105°F, and the temperature 
of the hot wall inside the tube as 755°F
Atm = 115 - 10 = 43.1 F
<*7o 7 srs*f
7£S*
2.3 log 11.5
where Atm is logarithmie.mean difference of
temperature between top and bottom of the 
column.
At
Atm - top
Atbot tom
2 .3  1og ^ t to p
^*”bot tom
G x = 6.207 (------- ) of N 2
ft isec
or G- = 6.207 x 35*25 = 1.52 lb/sec. of (N?)
144
or G^ = 53.7 cu.ft./sec.
through the inner tube.
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That would mean "37.8 HP on the BLOWER.
This is not practicable - the rate was too high.
With hotter nitrogen (932°F)
« 35 cu.ft./sec - still too high.
It was then decided to use the electric heaters (in the 
form of long "U" tubes inside the "inner tube") but also to 
circulate the nitrogen at economic speed, to prevent local 
overheating (from suspended elements).
It was estimated . .that 648 cu.ft./min. i i‘
would be required and the power required would be HP = 0.445 
Pressure drop on the blower was also calculated 
Ap « 0.178 (in H^O) . The diameter of the ducting to recircu­
late the hot notrogen through the inner tube equivalent to 
A = 35*25 sq.in. was calculated:
7 T 2 > ,ZJL =. 3 S - - 2 S -  ;p t -  6  7 J .
d f  /
2 'where: A « 35.25 in is the C/S of the inner tube
See (Sketch 21 ) .
Therefore the specification for the blower (fan) was:
output 700 cu.ft./min.
Ap 2 - 3  (in H^O)
HP o.5 - 0.75 HP
Special bearing unit was also required to insulate the 
motor from the fan. (The supplier was Keith Blackman).
2.1.2(a) Electric power to the heaters
2960 BTU/min - rate of heat supply 
1 BTU - 1054 Youle
1 BTU/sec - 1.054 KW
mi r  _ i  • J *n 2960 X  1.054 coin7Therefore, the power required P = -------   - 52KW.
With this rather high power it was not practicable to use 
resistors or transformers for adjustment. 3-phase power 
supply was used.
2 1
Ltnjjhtl of Ducts /#>■*/. « " —fr— /
I4-" /
ffl/Q /At p/Zo/tfj. S j ‘
.5 '?"
/
. d V t -  LnAXBlludsnx nj> /V. JW .Mutk/•
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2 2
Therefore, it was decided to design a switching system 
that at each step, would connect the heaters into different 
combinations of *’Y*s’’ and flAlf 's.
Current/voltage relations are as follows:
V"Y" system phase voltage V = L
P v T
phase current I = I_ v p • L«
2Vfpower P = — g—
'A" system phase voltage V^ =
iphase current I = Lr  p. _
VT
2power P
R
Therefore, power dissipated in "A" is 3 times that in "Y".
There were 12 heaters (suspended in the inner tube).
The writer used (24) single rotary switches to design 
the multi-switch as in (Dia 3 4 a ) .
In (Dia 34) the actual connections are shown(to 3 phases 
and to the Neutral line). These groups are from a single 
( " Y " ) , (it means 4 heaters in each branch) to four single 
(Delta’s). A heater, working in (Delta) combination, is 
hotter than in (’’Y") combination; therefore, they were 
grouped, as in the first column (Dia 34 ) . So, there were 
8 positions from 1.225 KW to 5 8.6 ICW.
2.1.2(b) The Water Consumption
This was calculated on the assumption that the tempera­
ture increase of water (between the top and bottom of the 
column) will be: At = 5°F max.
then, = 592 lbs/min = 59.2 galls/min
or approx. 1 gallon/sec.
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This estimation was nearly correct and for this column 
a 2" dia. pipeline had to be provided. The water valVe (w) 
is visible on photograph ( 2 ).
Water was directed to a system of gutters just under 
the top manifold. The gutters were overflowing onto the cold 
walls (2 wide and 2 narrow ones). Therefore, the film of 
cooling water had "zero" velocity at the top of the column. 
Screens and flexible plastic deflectors were used to prevent 
splashing and to 'smooth the flow (especially) round the probe 
fittings and inspection windows.
The cooling water was collected at the bottom of the 
column in a tray, from which it overflowed into the drainage 
system (of the building).
The temperature of water was measured at the top, in the 
gutter and at the bottom end in the tray. (Photograph 3)
As a part of the experimental routine, the overflowing 
water was occasionally collected in a bucket, for measured 
length of time, to determine the rate of flow for the experi­
ment .
2.1.3. Column’s support
The column is supported at four points under the top 
frame. Originally, angled irons were planned, but scaffolding 
pipes and clamps were easier to obtain.
2*1*4. Thermal diffusion gas mixture (installation)
The writer started with a small (6’) cylindrical column. 
The gas mixture was kept in a gas holder with a water seal,
(made from a steel drum).
Even with this (comparatively) small volume of gas mixture 
the “ silica gel" was used up rapidly for drying.
Also, the resistance to gas flow on the drier required, 
rather a compressor than a low pressure flow inducer. Also, 
the gas tightness with the compressors, depends on a good seal 
round the rotating shaft; so, the gas leaks were appreciable.
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P h o t o g r a p h  2 i  . G a s  h o l d e r ,  f low  i n d u c e r s  a n d  r o t a m e t e r s
Photograph 3 .  G enera l view of pilot plant the rm a l diffusion 
column
The flows, during the thermal diffusion experiments 
are slow; therefore an excessive by-passing (when using a 
compressor) introduces complications, especially if the drop 
of pressure is not constant on the "drier” .
These difficulties would be greater with larger volumes 
of gas mixture (as in the present system) - (especially the 
drying problem - the comsumption of silica g e l ) .
2.1.4(a) Therefore, the writer decided to use a dry gas holder - 
collapsible.
At first, welded p.v.c. bags (reinforced with cloths) 
were used (Photo 2) .
The bags were alright for one short experiment but after 
24 h ours the changes in concentration were appreciable.
Nitrogen and even Helium could be stored for 2-3 days but 
Carbon Dioxide was diffusing freely through the bags. There­
fore, after some small scale experiments, the "Butyl" 
rubber bags were introduced and they behaved satisfactorily.
The main gas holder (MGH) was made of (6) bags, (4 cu. ft.) 
each. The bags were connected in parallel between two manifolds 
(M), (as in Dia 35 ). The bags could also be isolated and used 
separately.
With some experiments (No s . 1, 2 , 3 , 4 , 5 ) a sma 11 gas holder 
(SGH) was used between the valves (42 ) and (43 ) . This was to 
collect large samples (of mixture) when a "positive mass flow" 
through the column was included in the experiment.
2.1.4(b) Installation, gas supply and flow (Dia. 35 )
All connections were made in (g in.Dia) copper tubes and 
gate valves were used everywhere, except No. (35 ) and (55 ), 
which were needle-valves, used for fine adjustment of flow 
through the rotameters. (To and Prom the column.)
The flow of gas mixture through the column and installation 
if required was done by means of flow inducers (F.I.) that were 
delivering through "pulse bags" (P), (|cu.ft.each). This was to
avoid pulsation.
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The flow inducers operate by rolling an elastic tube 
(Butyl rubber) against a "track11, thus producing a displace­
ment of gas in the direction of rolling.
As there are no valves and no glands, the gas mixture is 
completely separated from the atmosphere.
Vacuum on the installation
The installation could be evacuated through valve (49) 
and by appropriate adjustment of the valves as in Dia.(35) .
Flushing the column with CO^ etc.
Because of large flat surfaces the column was not strong 
enough for evacuation. Therefore, it was always flushed (before 
an experiment) with one constituent of the mixture. Usually 
CO 2 was passed up the column to displace any other gases.
As an example: The valves open for flushing in the direction of
flow were:
72,75,52,51,57,55,56,(flow meters), 26,27,(top of col.),
(Bottom of col), 21, 22 , 32., 70 , 69 , (to the atmosphere).
Filling the (MGH) and installation
This was done by measuring the required 
volumes of component gases from the cylinders. Working with 
one gas at a time , the total volumes introduced into the 
installation were recorded on the gas meters (G).
In emergency, the required proportions of gases to the 
(MGH) could be measured with dispensing bags (D) .
Circulation of gas mixture
To equalize the composition (after filling the (MGH) and 
flushing the column) the mixture was circulated through the 
column and the gas holder.
Flow of gas mixture for an experiment
After equalising the composition the valves could be adjusted 
for the required flow following (Dia 35).
There were 48 possible gas mixture flows with this instal­
lation. (Some of them are discussed in experimental procedure.)
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2 . 2  The s a m p l i n g  s y s t e m  ( D r a wi n g  2 5 a ,  D i a g . 3 1 , 3 3 ,  ‘P h o t o s  5 , 6  )
To be able to collect samples from and to measure tempera­
ture at a given point in the gap, the probe unit was fitted 
with a fused silica tube (1/8" dia.).
The tube had four longitudinal holes. Two of them were
used to accommodate the thermocouple wires (C and Constantan)u
from the hot junction at the end of the tube. The other two 
were to carry the *gas sample from a point (in the gap).
The silica tube was passing through a (silicon rubber) 
gland at the cold wall, and it was cemented into a "yoke" at 
the other e n d .
The yoke was operated by a micrometer screw for sliding 
movement only.
As shown in (Dia. 33 ) ,  the yoke had two fittings: one
for thermocouple connections (T^) and the other for a gas sam­
ple line .
The thermocouple line was used as described under experi­
mental procedure.
The aspiration of a gas mixture was done with an aspirator 
bulb(a) (50ml.).
The gas was travelling from silica tube to the yoke, then
through the capillary by-pass (C),to the sample tube (S)
(rubber 1 inch dia.) and then through a non-return valve (N )r
to the bulb (a).
The capillary by-pass (C) limited the flow to approx. 
(70ml/30min.). The by-pass had also two valves to open a 
’faster line’ if the system had to be flushed with the mixture 
from the column.
During the aspiration there was always a possibility of 
back flow from the system into the column. Also, some resi­
dual gases were left in sample tube (S)and in bulb (a) from 
the previous aspiration.
To avoid these effects the provisions were as follows:
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1) The capillary (c), due to restriction,nearly elimi­
nated the back flow.
2) The non-return valve, in front of aspirator (a) 
was closing if pressure was building up in (a) 
near the end of aspiration.
3) Also, the aspirator (a) had much larger capacity 
than tube (S). Therefore, it was sucking out all 
the residual gases first, and then, (near the end 
of aspiration - after 30 min.), when a pure sample 
gas was passing through tube (S), the gas in tube 
(S) was isolated by two solenoid valves (V)•
(By switching them OFF)
The connections to operate the solenoid valves all 
at the same moment of time is shown on (Dia. 31)
The individual switches were also provided (Dia.33 ) .
To create a positive pressure in the sample tube (S) 
during the collection (into the syringes) a pressure flap (P) 
was used.
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CHAPTER 3
EXPERIMENTAL PROCEDURE
The following sequence of operations was estimated by 
the writer as the most efficient to reach and to maintain 
the experimental conditions. (Also, to save time.)
Any variation in procedure would affect the experiment, 
therefore, to maintain uniformity through all the experiments 
the writer was always using:
(1) Table "C" for sequence of operations
timing and
defining experimental 
conditions
(2) Table "A" for recording the positions of probes and
for recording temperatures 
at points of withdrawal.
(3) Diagram 35for reference.
3•1 Sequence of operations
1. Evacuating the MGH, P . Bags and installation
2. Filling the MGH and installation with a gas mixture
3. Flushing the column "UP" with (CO^) and isolating
the column after flushing.
4. Circulating the mixture through the MGH and the 
column to equalise the composition.
5. Adjusting the cooling water to obtain a uniform film 
• on the w a l l s .
6. Switching ’"ON" the-blower to circulate ( ^ ^  through 
the inner tube and ducting (Sketch 21).
7. Switching "ON" the power to the heaters inside the
inner tube.
(Step by step - operating the multiswitch (Dia.34,
34a ) .
N o t e :1)The operations 5, 6 and 7 were started during the
circulation to save time because it.takes about two 
hours to reach a uniform.temperature through the 
column and approx..another two hours to reach the 
thermal diffusion equilibrium in the gap.
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'Note: 2) -By the end o f .the circulation period the full 
.power was already "ON"
(AAAA = 54 KW)
8. Setting the valves for the flow of the mixture as 
required for conditions of the experiment.
Note; After setting valves and starting the flow
inducers (if required):
1) There were still 2 to 3 hours required to 
reach the equilibrium.
2) During these.two hours the temperature distri­
bution was measured A/C the gap (usually in 
the middle of the column (probe 7.). The 
stability of the temperature readings was a
good indication that the equilibrium was reached.
Sample collection and temperature measurements
9. All probes (micrometers) were set on (1.000).
This means that the ends of silica tubes were posi­
tioned flush with the inner face of the cold wall. 
(This operation was usually done during circulation.)
10. "Aspiration" - (After reaching the equilibrium)
All solenoid valves were switched "ON" simultaneously 
to start "aspiration", which was taking approximately/ 
exactly 30 minutes. During that period the volume 
withdrawn by each probe was 70 ml* (Dia. 31)
11. The temperatures at the points of withdrawal were 
measured during the aspiration.
Using the selector switch (Dia 32), the output from 
each thermocouple was checked in turn on a Galvano­
meter Bridge.
12. When the aspirators* bulbs were fully inflated (30
minutes).all the solenoid valves were switched "OFF".
Simultaneously to isolate the sample gas in tubes (S). 
(Dia. 3 3)
13. All the probes (micrometers) were now moved a step in
the gap (usually 0 !  inch steps were used).
Collection of samples
14. Syringes were greased with silicon grease of ' 
extremely low vapour pressure and they were flushed 
with Argon.
To isolate t h e .syringes from the atmosphere (during 
storage) the needles were pinned into small rubber 
s toppers.
42
15‘. The pressure flaps (P) (Dia3J) were pulled down, with 
rubber bands to exert positive pressure on sample 
tubes (S).
16* The samples were collected through the walls of sample 
tubes into syringes and the rubber stoppers were 
replaced on the needles. (Two syringes from each 
sample tube)
N o t e : 1) Because of positive pressure in the sample tubes
(S) any contamination with air was avoided.
2) (2 ml) to (4 ml) were collected into each syringe
to allow for contraction.
3) Only.(l ml) of g a s .mixture was required for analysis 
therefore, after removing the stopper the volume 
was adjusted in the syringes just before injection 
into chrometograph column.
4) The sample tube (S) had 20 ml capacity and so more
than two syringes could be withdrawn.
17. j3_to rage of samples before analysis
Sy ringes were stored (stopper dox^n) in vertical position, 
in vertical holes made in expanded polystyrene blocks, 
so that any contraction of gas could move the piston down
Note: 1) Later it was found that storage of stringes in
horizontal position w a s .satisfactory if they were 
separated from each other.
Small trays were made from cardboard paper to fit 
into storage box.
2) One layer of (13) syringes represented samples from 
all probes but from one position in the gap.
18. The aspirator bulbs were now deflated to the atmosphere
through their ball valve bypasses and the rubber bands 
were released from the pressure flaps.
Note: The probes' micrometers were already moved a step 
forward after isolating the.samples, therefore the 
column was now ready for the next "aspiration". This 
•means an "aspiration" every (30) minutes.
19. All solenoid valves were switched "ON" again for 
"aspiration".
This aspiration/collection cycle was repeated eleven 
times to reach the hot wall.
3.2 The volume of gas mixture withdrawn
The total volume of the sample tube (S) and of the aspirator 
bulb was 70 ml. This volume was withdrawn by each probe from each 
position in the gap.
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From this (70) ml,only (20) ml (inside the sample tube)
was considered as a representative sample. Also, from this
(20) ml only (6 to 10) ml were collected into 2 syringes for 
analys i s .
The volume in syringes contracted (due to cooling) and this 
was again reduced to (1ml) before injection into chromatograph 
column.
Also with (13) probes used on the column ,the volume 
removed in one aspiration was
70 x 13 = 910 ml
Comparing this with the capacity of the column (7.5 cu.ft.
= 212 litres), 910 ml is less than 0.5% of the total. *"
Therefore, only a small replenishment of gas mixture was 
occurring from MGH after each aspiration and so, the equilibrium 
was easily reached in (30 m i n ) .
N o t e : In fact the experiments were performed in the
initial stages when different intervals of time 
were tried between aspirations, without moving 
the probes. The samples were analysed and a 
constancy of concentration was checked at' a point 
in the gap.
Even considering the whole run on the column, after (11) 
aspirations:
11 x 910 = 10 litres
this was still only 10/212 = 4.7% of the total volume.
In fact, the demand on the MGH was not visible just by 
observing the inflation of the bags.
3•3 Analysis of samples
This was done on a Panchromatograph unit made by W.G.
Pye & Co. Ltd. (Photograph 4)
As already described the system included two columns and 
the carrier gas (A) was passed through the two of them in parallel. 
One column was to receive injections of gas for analysis the 
other was just passing the carrier gas (A).
The outputs from these two columns were compared by the
44
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dete.ctcr. (The detector was sensitive to changes of 
conductivity.)
. The combination of gases in the present work was not 
very convenient for this kind of analysis because (CO^) is 
totally absorbed by the standard filling of the column (the 
so-called Molecular sieve).
However, Helium and Nitrogen were easily detected 
and also the ( 9 ^ )  impurity was shown as a separate peak.
The other type of column's filling (silica gel) was 
alright for separating (He) but an<* were represented
as one peak.
(CO^) was separated by silica gel but only 
after a long retention time (8 to 10) minutes.
Therefore, the writer used one column filled with 
(M.S.) and the other with (Silica gel).
When molecular sieve column was injected the silica gel 
column was acting as reference and He, abd 0^ peaks were 
recorded..
Also, when silica gel column was injected (M.S.) 
column was acting as reference.
During this run (He) peak was recorded and then 
(N2+02) peak. It was necessary to wait (8 - 10) minutes for 
(C02 ) peaks to appear.
Because of this long retention time the writer developed 
a system of operation to reduce the total time.
There were two syringes per each probe's position.
(In fact two boxes each containing 143 syringes).
First, the molecular sieve column was injected (in 
succession) with all the (143) samples to obtain peaks of He,
N 2 , 0 2 « Then, the silica gel column was injected with (143) 
samples but here, instead of waiting for each (C02) to appear in 
10 minutes, four samples were injected in succession to record 
peaks of He arid (N2 + 02) . This took approx. 8 minutes just 
enough time for the first peak of (C02) to appear, (and also 
the other three in succession). Even with these simplifications
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the time to analyse 286 samples was approx. 7 hours.
Because the analysis took a long time, any drift in calibra­
tion of the system was magnified. Therefore, the writer injected 
a standard sample every 10 injections.
From the peaks obtained for standard samples the calibration 
factor could be obtained relative to the time of operation and 
the corresponding peaks could be corrected.
The standard samples of gas mixture were obtained by the 
writer by mixing them over mercury in the apparatus made from 
calibrated gas pipettes.
3•4 Recording the results
This was done first by the chart recorder. The areas under 
the profiles (peaks) for each gas could be integrated and 
compared with others to find relative concentrations.
Of course, the attenuation was affecting the size of the 
peaks and was at first used as a factor in correlations. The 
procedure, in fact, was simplified because an integrator was 
later connected in parallel with the chart recorder. The figures 
printed by the integrator were proportional to the areas of the 
corresponding peaks.
3.4.1. Calibration and expressing the results as mol fractions
The calibration was "overall" and not for the duration of 
analysis but continuous during the analysis - by injecting
standard samples during the analysis.
Helium was shown "consistently" by both columns, therefore 
the figures corresponding to (N2 ) an<* were related to (He)
on both columns.
Therefore, we obtained a volume of (N^) per unit volume of 
(H£) and volume of (CC^) per unit volume of (He).
Ex: X 1 = < V  - :  on Molecular Sieve Column
(He) reading
ii (C0_) reading „. _ . -! 1 _  2 _______ _ on Silica gel column
X (He) reading
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To* find the calibration factors the same is done with 
readings (peaks) obtained from standard samples.
x ' / M  - ”  _ P b j
s  c h  ■ ’ ( s ch  ’ s ch  lHe ;s ch
where: S Ch = standard sample Chromatograph reading
But the real values of these ratios is already known in 
standard samples.
The true ratios: x p i  . p ]LHe/ 0 V He/ S
Therefore, the calibration factor for (MolecularrSieve) 
column:
ft!
( L )  
I He j
2]
S Ch
also for silica gel column:
f f l
m S Ch
Therefore, the true ratios for any sample of (He, c°2» N 2^ 
gas mixture are:
©  = x>- a 5 O  ■ x " -  btrue true
In mole fractions:
He : .C02 : N2 1 . . Re . . - He1 ^ 2 )
* U ?  /  * [*'
1 X ,fb X *'a
1+X' “b+X' a : l  + X'  ^ b+X7a : 1+X'Jb + X ‘
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X
He
XCO, XN,
T h e  c a l c u l a t e d  r e s u l t s  ( f o r  3 8  e x p e r i m e n t s  a r e  r e c o r d e d  i n  
"TABLE B " .
I n  t h e  l e f t  c o l u m n  t h e  p o i n t s  o f  w i t h d r a w a l  a r e  i n d i c a t e d  
b y  p r o b e s *  n u m b e r s  a n d  b y  t h e i r  p o s i t i o n s  A / C  t h e  g a p .
I n  t h e  c o l u m n  o n  t h e  r i g h t  t h e  r e s u l t s  a r e  i n  m o l e  f r a c t i o n s  
a t  p o i n t s  o f  w i t h d r a w a l ,  a s  i n d i c a t e d  i n  t h e  f i r s t  c o l u m n .
P o s  i t i o n s :
a l s o
H o t  w a l l  i s  i n d i c a t e d  b y  " 0 "
C o l d  w a l l  i s  i n d i c a t e d  b y  " 1 0 "
T o p  o f  t h e  c o l u m n  i s  i n d i c a t e d  b y  p r o b e  " 1 "  
B o t t o m  o f  t h e  c o l u m n  i s  i n d i c a t e d  b y  p r o b e  " 1 3 "
T h e  t h e r m a l  d i f f u s i o n  e f f e c t  A / C  t h e  g a p  m a y  b e  r e a d  f r o m  
T a b  1 e  B .
F o r  i n s t a n c e  -  i n  E x p .  1 9 :  t h e  t h e r m a l  d i f f u s i o n  e f f e c t  a s
a  c h a n g e  i n  m o l e f r a c t  i o n  A / C  t h e  g a p :
P o s  i t  i o n
( M i d d l e  o f  t h e  c o l u m n )
H o t  w a l l  7 ( 0 ) XHe = 0 . 8 5 9 8 xco2 - 0 . 1 1 0 2
C o l d  w a l l  7 ( 1 0 ) XHe = 0 . 8 3 2 7 X C ° 2
0 . 1 6 7 3
C h a n g e  i n  m o l e  f r a c t i o n  
A / C  t h e  g a p :
( H e )
0 . 0 5 7 9 1 ( C ° 2 ) 0 . 0 5 7 9 1
A l s o  t h e  " s e p a r a t i o n  e f f e c t "  UP/DOWN t h e  c o l u m n :
F o r  ( C 0 2 )
T o p  o f  t h e  c o l u m n  
H o t  w a l l 1 (0) x CO,
B o t t o m  o f  t h e  c o l u m n
C o l d  w a l l  1 3 ( 1 0 ) x CO,
0 . 0 4 6 3
0 . 3 9 1
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The max. "separation factor" will be 
X,
T--X
M i 0. 391
C02 Bottom 1-0.391
x C0o 0,0463
2 1-0.0463
1 3 . 2  max.
1“ XC02 T °P
N o t e : The "actual" separation factor will be lower
because the average values of molefract ion (xco ) 
have to be used A/c the gap, which 2
may be also calculated from the data 
in Table B.
From Tables B, the distribution of concentration A/C the 
gap (at probes* levels) and also the resulting concentration in 
the top and bottom manifolds are shown in Figs. E (1,2,3,....)
N o t e ;
1) Smooth curves were drawn through the points.
2 )This kind of extrapolation was n o t  
into the unknown region but only to 
remove discontinuities caused by 
• contaminated samples.
3.5 Recording the temperature A/C the gap
Using the selector switch ( D i a 32 ) the output from thermo­
couples was read on the galvanometer bridge (in volts).
Because the lengths of connections from every probe to the 
cold junction and to the bridge was different for every thermo­
couple, the overall calibration of readings was done by means 
of metal calorimeter (Dr. N o . 30 ).
The output in volts could thus be compared w i t h  the t h ermo­
meter readings in the calorimeter and the original recording was 
done 1 in(°F) . Tables (D )
However, the situation in the calorimeter is different than 
in the gap. The temperature of the junction is not the same as 
that of the surrounding gas (Tg) .
Therefore, for the purpose of further calibration the 
temperature measurements were done with a thermometer at some 
points A/C the gap and at the hot wall. (These measurements were
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used to determine the calibrating parameter (Z) b e l o w ) .
In Figure (Si) the thermometer readings are compared with 
the thermocouple junction temperatures.
The temperature of the hot wall (under the conditions of 
Exp. 29, probe 1) was just under 57 0 °k .
The thermocouple junction was at 468 . 6*IC. (In fact in all 
the measurements the readings of thermocouples were low near the 
hot w a l l .)
Tn Fig. (SI) the line (1) would be the linear d istribution 
as measured by thermocouple and (^T) an increment above the 
l i n e a r .
In fact the linear distribution would be a line (la) 
between 284°K and 569°K as indicated by thermometer.
If the increments ( T) are added to the linear distribution 
(la), the resulting curve conforms nearly exactly with, the 
actual temperature distribution.
It means that the profile of the thermocouple curve is 
correct but there must be some resistance to the E.M.F. output 
of the thermocouple which is proportional to the distance from 
the cold wall (X(G)).
The following calculations of the thermocouple correction 
uses the balance of heat flow at the thermocouple junction:
q 8 = ■ v
where: q - heat transferred to the junction by the
8 gas
qk - heat conducted away from the junction to 
the cold wall
q - heat transferred to the junction by 
radiation.
Thermocouple correction (T is in °R)
Heat of r a d i a t i o n :
Thermocouple area exposed:
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C4 ////\C //
M Z r/A + Z ? ’?* fy?  / Z r  g c
C0/t 0  ftt /f iM  Zfipjf tf/jZh '/'Zb /r >*
/■**,/,* cf/'jfirf& i*/?** ..tfZz / f i r  f f r c
CO *Ceht/n<t/i€>b e>/'///'S6O'rLfi0*t „
&«/>: tZ / j / r /Z a f i / e A  f r o * ,  co /tcen /raZ /e> /fj 
A /t/4  4 .fjicu t £ * /  c<?/> y g e  ZrZf, ... (7+ 42 A  S)J,
a th . 4 . 3 7  x XO_ 6 sq.ft.2 144x2
3? , w • p = 1  geometrical factors
w " th Aw th_w (Goulson p. 181)
4
Heat intercepted by U th ) : qR = *FW _th • ■ £ TH
where: D -diameter of the junction
A w - a r e a  of hot wall
Heat intercepted by AH ; qth. = ath F th-w ^ T t h 4 
Net heat absorbed by thermocouple:
V  -  v < .  •
qr = a n  'T -fT ifi-T + F )
where:
g  = 0.9 for non polished metal
= 1.73 - -9 , BTU .
3600 X sec.ft 2 oR 4 )
q = 4.37x10 8 x 0 .9x1.73x10 ^ /„ 4 _ 4 7
r 3600 ' H ~ th '
qr - 1.89xl0” 1 8 (T 4 - T 4 ) - H J LH th sec.
where: T„ - temperature of hot wall
Jl
- temperature of the thermocouple 
junction
Heat transferred from the gas to the j u n c t i o n ;
Assumed: area of junction affected is a sphere
a k = // • = 8.74x10 8 sq.ft.
* s .
the" Y  at h -s * hc • (T8-T th>
whe^e: h - coefficient of heat transferc
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Tg -  t e m p e r a t u r e  o f  g a s .
V  - °-32<4±)
-  _  0.02 / 4T . Na l s o  D = —j~2~
f o r  n a t u r a l  c o n v e c t i o n  t o  a i r  
( C o u l s o n  p . 176)
g
H e a t  c o n d u c t e d  t o  t h e  c o l d  w a l l
H e a t  r e s i s t a n c e s  b e tw e e n  t h e  j u n c t i o n  and t h e  c o l d  w a l l :
R ( Cu) , R ( cons t a n t a n )  , r ( s i l i c a  t u b e )
t h e n  R X ( G ) X ( G )c u. cons ta  n t  an
k cu  + ^ c o n s t a n t a n ) • aw 5 . 0 8 x 1 0 -8
w h ere  a i s  t h e  c r o s s  s e c t i o n  o f  w i r e  w
R e s i s t a n c e  o f  s i l i c a  t u b e :
R _ I . x(g) 
st ~ ksii
wh ere  a = e q u i v a l e n t  C/S o f  s i l i c a  t u b est H
k: « 0 .0 1 3  c o n d u c t i v i t y  c o e f f .  o f  s i l i c as
a t
e r r  v . ..! . ---- •
;
/ / f /  
l i i
f
i
h
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then y = ?-§-2-lx + 0.012
x(G)
0 . 0 6 2 5 ,
dy = - T T G T d x
1 dxResistance of element (dx) : dR = rr  . (----)
k s T T R
/ L f f*.- / I  L. M R
~ k s  T T  ft-*-Us - i r  y *
x(G) . 3600x 144 . , j.0.0625 X (G)
* S T  k 37" xO . 0 6 2 5   ^ y  Q Q12 "  7 . 3 1 x l O " J - T
.  /  ,  «.yy
i . . . / __ ' / s : &£*/&+■ 7 \ 3 ) * / oequivalent resistance * -t—     -A • n  — — — -— ■: »«■;-----
R = 1q8 * X ^G )
1 5.08+7.31x10 3
There is another resistance (R2) to the heat flow at the cold 
wall to the metal fittings.
This occurs through the thickness of silica tube.
Assuming ( z) is the equivalent length of contact, area
of (a„) through which the heat flows from thermocouple wiresX
to the metal is:
2 7 7 *  0 > 0 / Z . ____ __
O C t -  X  = ----------- -  » = s  «  — 3 -  - 2
then p  ~  - J L S F E .  *  € - -
* *  / 2  ■ k s  ' = 5
Then, the total resistance between the junction and the cold 
wall is:
R = R 1+R 2 = ---L?.8_'-iL.(£j---- + . ^ I x i o f
5 . 0 8 + 7 . 3 l x l0~3 z
then, the heat conducted to the wall is:
T - T th c
k 10 S .x(G) . 2.3xl05   +  -
5 . 0 8 + 7 . 3 1 x 1 0  J Z
6 7
The heat balance at the junction:
i g . = ff " ff
3.83xlO- 9 (Tg-Tth ) 1; 25 =  —  _ c
105 (1 0 \ ( G )   + 2 ^ ,
5.08+7.31x10 Z
- 1 . 8 9xl(T18 (T 4 - T , 4 ) H th
(equation 1 4 )
3 / - r -  - r  ) . . . . . .  \0'<P
or —  -7- J t o  f ' v  / Q - O f h - ' c ) ________________ I . J ? 4 . l o ' ° / r C M
* $  -  \ z - 8 i )  ( UHLIMl.- ,  4 4  ^
S - ' O f +  7 'Z i* to ~ *
where: T^ ~ temperature of gas at x(G)
x(G) distance from the cold wall (point of withdrawal)
T k temperature of junction
T c,TR temperatures of cold and of the hot wall.
►
The equation (14) has been used in programmes ( C O R Z ) , 
(C0RZ1) to calculate (T g) from ( R ^ )  •
The value of (Z) together with the distance from the cold 
wall x(G) are the correction parameters in equation (14) .
The value of x(G) is known from the mic r o m e t e r  reading on 
the probe.
The value of (Z) for each position (x(G)) of the probe has 
been calculated from equation (14) for known values of and
for corresponding values of (T ) from thermometer measurements.
S
Then, these values (marked on programme C0RZ1) have been 
used in other experiments for correcting at each (x(G)).
The corrected temperature distribution compares well with 
the points from thermometer measurements in (Fig.S ).
68
COHZ! 1 3 : 0 2  G265 A OR/0 3 / 7 2
2 READ N 7 , H , l - b » K ,
4 READ -P 
6 I F  P = 4 4  THEM 2 
10 FOR G= 0 TO 10 
15 LET  X C G ) = C 1 P - G ) / 1 2 0  
20  READ 7 ( G )
25  LET R C G ) » 7 ( G > + 4 6 0  
30 NEXT G
3 5  READ F 1 * !•' 2
3 6  FOR G= P TO 10
37  READ MCG)
38 LET a ( G ) =<M C G ) - 2 7 3 .  1 7* 1 . 8  +  492
39  NEXT G
40  LET F 3 = ( F I - 2 7 3 * 1 > * 1 • 8 + 3 2 + 4 6 0  
42 LET SC 0 ) = C T C 0 ) - 3 2 ) / l . 8  + 2 7 3 .  1 
45 L ET  F4= (  1*2- 273*  1 ) * 1 • 8 + 3 2 + 4 6 0  
50 FOR G=0 TO «
55 LET AC G > = R ( G ) - K 4
57 LET  D C G ) = l . « 9 * C F 3 t 2 + R ( G ) t 2 ) / 1 0 t 5  
60 LET IC G) = ( K i t  2 - h (  G) t 2 ) / l O t  5 
62 LET K ( G ) = D ( G ) * I C G )
65 L ET  JC G )= A(  G) /  C H( G ) + 0 .  3 R 3 * C '*( G ) - R (  G) ) t 1 . 2S>
70 LET  Z C G ) = 0 . 0 0 3 0 6 / C J ( G ) - C X C G ) / 5 . O R ) )
75 LET L C G ) = X C G ) / b .  08 + 3 .  06/C 1O O 0* Z C G ) )
8 0  LET YCG) = k C G ) + < A C G ) / ( 0 - 3 « 3 * L ( G ) ) - H C G ) / 0 - 3 8 3 ) t 0 . R 
8 5  L ET V C G ) = C Y C G ) - 4 9 2 ) / I . 8 + 2 7 3 . 1  
90  NEXT G 
95 LET  VC 1 0 ) * F2 
97 FOR G=0 TO 10
100 LET UC G ) = Z C 0 ) + G * C Z < 9 ) - Z C 0 ) ) / 9
101 LET E C G ) = X C G ) / 5 -  08 + 3 .  0 6 / C 10 0 0  + U C G ) )
102 LET KC G) = R< G)+C AC G) / C O .  383  + F.C G) ) - H (  G ) / 0 .  3 8 3 )  f 0 .  8
103 LET O C G ) = C « C G ) - 4 9 2 ) / 1 . 8 + 2 7 3 . 1
1 04  NEXT G
105 LET ZC 10)=UC 10)
106 PRI NT N 7* P* F 4* F 1 * 5 ( 0 ) *
110 PRI NT
I 15 FOR G=0 TO 10 
120 PRI NT  VC G) *
125 NEXT G 
130 PRINT 
135 FOR G= 0 TO 10 
140 PRINT ZCG)*
145 NEXT G 
I 5 0  PRI NT  
155 FOR G=0 TO 10 
160 PRI NT  U ( G) *
165 NEXT G
170 PRI NT
171 FOR G=0 TO 10
172 PRINT 0 ( G ) *
1 73 NEXT G
174 PRINT
175 GO TO 4
TAPE
READY.
2 00  DATA 2 9 * 3 .  6 7 * 1 1 * 1 6 . 5  
2 0 2  DATA 1
2 0 4  DATA 384*  3 6 2 * 3 2 4 *  30 1 * 2 7 6 *  2 5 2 * 2 1 4 * 1 8 3 * 1 4 6 * 1 1 8 *  61 .  7 1*
2 0 6  DATA 5 7 0 . 8 8 3 * 2 8 ^ .  606*
208 DATA 5 7 0 . 8 9 3 *  5 4 8 .  787*  5 2 5 .  681 * 5 0 1 .  482*  4 7 6 . 2 5 *  4 5 0 . 0 5 5 *  4 2 2 .  604*  
210  DATA 3 9 3 .  47 I * 3 6 2 .  2 8 t * 3 2 8 .  4 2 7 * 2 8 9 .  606*
KEY
READY-
RUN
CORZ 1
29
1 3 : 0 6 G265 A 0 8 / 0 3 / 7 2
5 7 0 . 8 9 3  
4 5 0 . 0 5 5  
2 8 9 .  6 06  
£3. 6 2 7 6 8 E - P 3  
4 . 5 R 0 7 3 E - O 3  
i \ .  1 7 4 7 8 E - 0 2
5 4 8 . 7 8 7  
4 2 2 . 6 0 4
3 . 6 6 5 1 5 E - 0 3  
5 - 5 7 1 6 5 E - 0 3
'■ - m
5 2 1 • 7 1  1
5 2 5 .  68 1 
3 9 3 . 4 7 1
4.  3 0 3 0 2 E - 03 
6 . 3 8 1 7 8 E - 0 3
c  f i c n o t . o n
5 7 0 . 8 9 3
501 . 482 
3 6 2 . 2 8 1
4.  361 7 9 E- 03 
8 . 5 0 4 5 9 L - 03
c. ; u T 7 / . r . p ' i
.468. 6 5 6
4 7 6 .  25  
3 2 8 . 4 2 7
C
4 . 4 9 6 6 1 L - 03 
1 . 0 9 3 5 R E - 0 2
a . s m m r . r ' T ,
6 8A ,
Note: The thermometers (although more reliable) could not
be used in the experiments for various reasons. The 
main reason is that with thermometers it would be 
difficult to m a i ntain gas tightness of the apparatus.
In fact the thermometer measurements were done with 
air in the g a p .
The profile of the temperature curves (Discussion)
In nearly all m easurements the values of temperatures were 
above the linear distribution.
It means that the coefficient of heat conductivity was 
increasing with temperature.
T - coeff. of heat cond. at (T) at x(G)x
An interesting observation is that in fourteen experiments 
each represented by up to (13) temperature curves (one for each 
probe), the profile (of the "bulge" was broken (affected) near 
the hot and near the cold wall, (up to a distance of approx.
(0.2 to 0.25") from the wall.
N o t e :All thermocouple measurements were plotted but in the 
thesis the shape of the profile is shown in Fig(S).
This disturbance could be due to a varying concentration
in the mixture A/C the gap and also to a convective effect.
How these factors affect the temperature distribution 
could be discussed but some facts are more obvious:
1. Near the hot wall the gas mixture becomes enriched 
in (He), which makes it more conductive and this
has a flattening effect on the curve. This works in 
opposition to the effect from hot absorbed gases
on the wall w h ich meakes the gradient steeper.
2. At the cold wall (CO^) accumulates and (He) is reduced. 
This makes the mixture less conductive and the gradient 
becomes steeper. The absorbed cold gases make the 
gradient still higher.
3. This change of profile occurs under our conditions 
(0.2 to 0.25") from the walls. If, however, the mass 
velocity is appreciable (as in Exp. 16 - v m = 16 litres/ 
minute down the column) these changes are eliminated, 
which indicates that they are also convective in nature.
It seems that circulation occurs on the hot and on the cold 
wall that does not affect very much the equilibrium in the 
centre of the gap. It means that the most concentrated mixtures
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circulate close the walls and bring the effects of higher 
concentration to a distance of approx. (0.2511). away from 
the walls.
Hot wall eddies bring higher conductivity (flattening 
of the temperature c u r v e ) .
Cold wall eddies bring lower conductivity and make the 
gradient steeper.
Also, the eddies creep up the hot wall and move down 
the cold wall.
N o t e : It was not the subject of the present work
but the column was made with the observation 
windows in position to study the flow (as 
described in Chapter 2).
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CHAPTER 4
THREE COMPONENT MIXTURES
The three component mixtures were the main subject of 
this work.
The gas holder compositions and flow conditions were as in 
Table ( 3 ) . Also, the rates of cooling water were as in 
Table ( 2).
As described in "experimental technique" (Chapter 3), 
the temperature was measured A/C the gap and samples were 
collected from the same points. The samples were then 
analysed and the results were recorded in (Tables B).
From (Tables B) the Figures ( E) were produced with m i n imum 
extrapolation.
On inspection of Figures ( e ) it appears that under most 
conditions (^2 ) was occupying mainly the central position or 
maintained approx. uniform concentration A/C the gap.
With low concentration of nitrogen it seems reasonable to 
assume that (with its uniform distribution) it lowers uniformly 
the partial pressure of other gases A/C the gap. The thermal 
diffusion may be assumed as occurring only between He and C 0 2
at lower pressure (1 atm. - pN ) .
2
So, the system could be still considered as 2 component 
mixture.
This would allow us to use the existing transport equation 
for two component mixtures.
Also, according to Jones and Furry, if the third gas 
component is in low concentration, then the transport equation 
for two components could still be used.
We were aware of the limitations of the transport equation. 
(Mainly due to the simplifications on physical constants during 
its derivation.) (Chapter 6).
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TABLE 3
Exp . 
No.
GAS HOLDER V, 
MIXTURE 'V CONDITIONS
C 0 2 He N 2
1 1.85 1 1.25 BM connected to SGH/isolated condition
2 1.85 1 1.25 BM connected to SGH/isolated condition
3 1.5 1 1 BM connected to SGH/isolated condition
8 1 1 1 TM flushed 6 I/min. Down Col. 11 1/m
9 1 1 1 TM flushed 10 1/m. Down Col. 15 1/m
20 1 7 4 TM flushed 20 1/m. Down Col. 1 1/m
21 1 7 3 TM flushed 20 1/m. Down Col. 1 1/m
22 1 7.28 2 TM flushed 20 1/m. Down Col. 1 1/m
23 1 7.8 1 TM flushed 20 1/m. Down Col. 1 1/m
24 1 7 0.5 TM flushed 20 1/m. Down Col. 1 1/m
25 1 7 0.25 TM flushed 20 1/m. Down Col. 1 1/m
26 1 7 5 TM flushed 20 1/m. Down Col. 1 1/m
27 1 1 1 TM flushed 20 1/m. Down Col. 1 1/m
28 1 0.78 Feed to No. 9 0.4 1/m. Up 0.4 1/m
29 1 7 1 TM flushed 2 1/m, BM flushed 2 1/m
Up/Down 0 1/m
32 2 7 1 TM flushed 3.5 1/m. BM flushed 3.5 1/m
Up/Down 0 1/m
33 1 7 2 TM FLUSHED TGH 8 1/m. BM flushed B G H .
8 1/m. Up/Down 0 1/m
34 1 7 2 air TM flushed TGH 8 1/m. BM flushed BGH.
8 1/m. Up/Down 0 1/m
35 1 7 2 TM flushed TGH 8 1/m. BM flushed BGH.
7 1/m. Up/Down 0 1/m
1/m = litres per minute
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But being derived for overall transport, along the column, 
it still could be used for calculation of a separating factor 
'down the column and this could be compared with our measured 
v a l u e s .
The equation, of course, could not be used to study the 
field A/C the gap.
However, this original approach together with a study of 
a possible independent circulation on each wall had to be 
delayed because our preliminary work with just two components 
(of common gases) proved that the transport equation as 
developed for isotopes did not give correlation good enough 
(Chapter 5).
This, of course, eliminated any possibility of using the 
equation with ou r  three component mixtures (He,CO^ N 2 ) where 
the equilibrium was not even as certain as in binary mixtures 
of (Chapter 5).
Instead the data collected from sample analysis (Tables 3 )  
and the temperature distribution A/C the gap became the basis 
of new type of correlations where the transport of heat A/C 
the gap was the main factor (Chapter 7).
The onset of mass velocity on the thermo-gravitational 
equilibrium in the gap was also used in our three component 
systems as specified in (Table 3 ).
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CHAPTER 5
TWO COMPONENT MIXTURES
(TRANSPORT EQUATION)
A series of experiments have been carried out with two 
component mixtures.
With mass flow and under total reflux conditions (Table 4 ) 
and experimental results in (Tables B ).
A lthough the main objective was to investigate tempera­
ture and concentration fields in the gap, with more than two 
components in the mixture, these experiments were necessary 
to check the usefulness of the existing methods (expecially 
Jones and F u r r y ) .
The existing equations were for (2) component mixtures 
also they were properly checked only on isotopes or on 
monoatomic gases*
The writer used the transport equation on present gas 
mixtures (He C 0 9N ?02) under various conditions to obtain 
results near to the experimental (with not much success).
As an example, the following is the calculation of a 
separating factor (q) of the experiment (No. 3 0 )•
Using the expression from ( 6.3 )
Hq =£ ~ L  the separating factor (q) was calculated on theix
column between the (top) manifold and the lower levels of the 
column until the bottom manifold was reached.
then: (from Jones and Furry) (Appendix 1)
Kd = 2  to  &  f> 2 )
From Exp No . 30
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TABLE 4
E x p . 
No.
GAS HOLDER 
MIXTURE V /' V CONDITIONS
C 0 2 He N 2
4 1.5 1 BM connected to SGH isolated conditions
5 1.5 1 TM connected to SGH Down Col. (0.39- 
0.44 1/m into SGH)
6 1.5 1 TM flushed 6 1 / m . Down C o l . 11 1/m
7 1 2 TM flushed 6 1/m. Down C o l . 11 1/m
10 1 2 TM flushed 10 L/m.Down Col. 15 1/m
11 1 3 TM flushed 17 1/m.Down Col. 8 1/m
12 1 7 TM flushed 20 1/m.Down Col. 43 1/m
13 1 BM flushed 17 1/m. U£ Col. 8 1/m
14 1 7 TM flushed 17 1/m.Down Col. 8 1 /m
15 1 7 TM flushed 13 1/m.Down C o l . 12 1/m
16 1 7 TM flushed 9 1/m. Down C o l . 16 1/m
17 1 7 TM flushed 20 1/m.Down Col. 2 1/m
18 1 1.85 TM flushed 20 1/m.Down Col. 1 1/m
19 1 1.85 TM flushed 20 1/m.Down Col. 0.5 1/m
1/m = litres per minute
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Concentrations in the top manifold:
X He = 0.5177 ; X CQ « 0.4823
2
as in Fig (E ).
Also Th = 5 7 0 °K
T c » 295°K
= 432.5 K
AT = TH - T c = 275°K
Cross section of the gap = (81/144)s q .ft 
a C0 0*44 (Chapman & Cowling)
g = 32 x 3600 (ft/hr2 )
also from (Appendix 3)
(average values as discussed in (App. 3)
f = 0.76 x M . .(T)*"1 = 0.01785 (lbs/cu.ft.)j  ih lx
y = = fx (T)n = °-566 (ffr7ft^
0.0187 a e . 0.0137 U U 2 Q  /0 „where: f.^  =  273   x 2.42 = 0.0043
n = 0.685 X + 0.935 X _ n He '+u ‘
= 0 . 6 85x0.5177+0.935x0.4823 = 0.804
M  . » 4X„ + 4 4Xort = 4 x 0.5117 + 44 x 0.4823mix He 2
» 23.5
f t 2D = 0. 765 x 3.88 = 2.9 ( ^ - )
(C02-.He) hr
(Reid & S h e r w o o d ) ^ 18 ^
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then: * „ 8 1 x 0 . 0 1 7 8 5 2x 3 2 x 3 6 0 0 x 0 .44x2752 r , ,^-3/lb^H = ---  5------  » 6 .1 x 1 0 (— )
24 x l 4 4 x 2 x 9 6 x 0 .566x432.5
K = 8 1 x 0 . 0 1 7 8 5 3x 3 2 2x 3 6 0 0 2x 2 7 5 2 Q 2 l K1 0 " 7 (l b f t )
c 288x 2 4 ^ x 2 3 0 4 x 0 . 5 6 6 2x 2 . 9x 4 3 2 . 5 2 hr
K d ~ j —  x 0.01785x2.9 = 0.047
K = IC ,+Kj = 0.2 = x l 0 ’ 7 + 0.047 = 0.047 ( —  — )
c d .
then: Ln q = L . —  = 8 *5X FP  = 0.13L
0.047
Probe No. L In q q at (z)
Top Manifold 0 0 1
1 0.375(ft) 0.049 1.051
2 1.375 " 0.179 1.197
7 3.375 11 0.44 1.549
11 5.375 0.70 2.014
13 7.375 0.961 2.624
Manifold 8 feet (down) 1.04 2.844
same from experimental results:
xc o 2 / (1 - XC 0 2) = ;.q
Top Manifold 0 0.4823/0.5177 = 0.931 1
1 0.375 0.5/0.5 = 1 1.07
2 1.375 0.56/0. 44 = 1.27 1.36
7 3.325 0.67/0. 33 - 2.03 2.18
11 5.375 0.8/0.2 = 4 4.3
13 7.375 0.84/0. 16 = 5.25 5.63
ylanifold 8 feet 0.845/0 .155 = 5.44 5.82
X 'c o 2/ (l-XcCR at "L"
where q = -------------------
x co2 / ( i -x c o 2) at "0"
The results are plotted in Fig. (R )
The above is an example of m any other attempts to use the trans' 
port equation for correlation of practical results.
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C H A P T E R  6
To simplify the reading of the thesis it was considered 
advisable to write a summary of the theoretical derivations 
related to thermal diffusion and to hydrodynamical part of it,
• leaving the details in the Appendices.
The following is therefore such a summary and references 
are made to the A p p endix wherever appropriate.
6.1 Basic considerations - from Kinetic Theory
The early investigators, even with systems free from c o n ­
vection (txtfo bulbs), did not think the problem of thermal 
diffusion could be described exactly by the methods of Kinetic 
T h e o r y .
Jones and Furry (working mainly with monoatomic gases,
with binary systems and using vertical columns) agreed that
"free path" ideas (from Kinetic Theory) could not be used.
They thought, that possibly more phenomenological approach could
(X 3 ct)be used to derive some practical working formulas.
This approach is, in fact, the basis of some promising 
attempts at the end of the present investigations.
However, in derivations of diffusion and thermal diffusion 
coefficients (and "factors") the Kinetic Theory is still used 
(where convenient) and various (approximate) models of gas 
system (characterised by intermolecular forces) are assumed.
Therefore, to become familiar with the assumptions and
simplifications, some derivations (using Kinetic Theory methods)
were worked out, following m a inly Chapman and Cowling and Jeans.
Reference was made to the works of J. Maxwell and
Baltzman^also A, Wassilj ewa ^ 7^.nd to more recent investigators
(18)like Mason, Monchick, Lindsay and Bromley
SUMMARY OF THE THEORETICAL
Some of these derivations were later used in this work to
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express the physical parameters (p , It, cp , ^  . . . . ) as functions 
of temperature and position in the gap.
This was done to simplify any equations derived or adapted 
in this thesis and also to shorten the computer programmes, 
when correlating the concentration distribution with the 
temperature field in the gap.
Thus, considering the molecular velocities (i.e. Peculiar 
Velocity (v) - (as defined by Chapman and Cowling) relative to 
the mean velocity or to the mass velocity) the following were 
of interest:
6 • 1 (a)Communicable energy (at encounters) in binary collisions: 
E = “srtav2 = -|-KT = ffKT per molecule
6 . 1 . (b) Pressure as a function of molecular velocity:
*  -  i f ’
lcv 2
where: m - mass of one molecule
k =
is a Boltzman's constant
1.3806x10 l^jergs/^ p er m o l e c u l ^
(R)(which is the gas constant per molecule)
also: N - 3 for monoatomic molecules
N = 5 for polyatomic molecules
6.1. (c)
_ k -C = —  + C - per unit massp mj v
lcand C = M—  + C = R + C per mole,p mj v v r
where: J = Mechanical equivalent of heat
Viscosity and thermal conductivity
6.1. (d)
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k c- v p  M n  -v-fic,,~ [ 'i J r j P J7^ V
~  • C*2r .
where: n - number of molecules in lcc. (Loshmidt number)
_  free path
6.1. (e) M ean free path £  = ~
l E . T T a C - * -
w h e r e : G ~ -  collision diameter
6.1. (f)
Thermal flux in a "stationary" gas:
p  ~ - k e  v T +  + * t vg+/* * • •
(Chapman and C o w l i n g ,M a t h .T h e o r y .p .142, 1970)
where: q^ = - k cAT - is a normal heat,
conductivity when there is 
no diffusion v-^  = v 2 53 0
5. v is the heat carried by diffusingq 0 = ^ k ’ (h-v-th0v 0) 1 1^2 2 f 1 1 2 2  molecules
n lv l+ n 2V 2 tbe t ota  ^f dux molecules
diffusing per unit time per unit
cross section.
The last term in equation (1)
^3 "" knTlcT * (v « - v.) represents the diffusion
"thermo-effect".
The main heat flow is affected by collisions and the 
resultant flux (q^) creates the temperature gradient opposing the 
heat flow.
The diffusion thermo-effect is the opposite of thermal 
diffusion effect. (Both effects were demonstrated by Chapman 
and Dooston, 1916)
where: k^ in (q^) i-s a thermal diffusion
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D mT
ratio k T = C4x2C lC 2 = 15T2
(ratio of thermal diffusion coefficient
to the concentration diffusion coefficient)
a 1 2  - is a thermal diffusion factor.
For binary mixtures the value of (a-^) is the same, if it
Is obtained from thermo-effect during concentration diffusion 
or from thermal diffusion effect due to temperature gradient.
(19 16)Thus, Waldman 5 obtained the values for ( ^) from 
thermo-effect during diffusion and from heat conductivity 
equation (1).
6.2 Thermal diffusion theory
Jones and Furry begin their derivations with expressions 
for concentration diffusion and thermal diffusion as obtained from 
kinetic theory (Chapman & Cowling) .(16)
c i (vr v) = c ic2 (vr v 2 } = - D i2v c i
which is an expression for concentration diffusion in c o n e . 
gradient (VC^) for specie (1).
where; v = v x^l + v 2^2 t*ie mass velocity -
or total volume passed per 
unit time and unit area.
With thermal diffusion (taking place);
D Tc l(Vi-v) = - D 12 V C x + — VT ... (la)
At equilibrium (there is no net transport of specie 1.)
then C^(v^-v) = 0
a n d  D 1 2  7 C x . =  £  V I
or D 12 . - D i2^1*2C lC 2Vln T
V C 1 = 0( ‘ CJC'Vln T (2)
1- 12 1 2
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Chapman uses this equation for experimental determination of 
thermal diffusion factor 1 2 ^ '
(in the form) : -7—
a  S j _ w  . J L l  . . .  o )
Sl
Using two bulb system, the concentrations are measured at two 
t e m p e r a t u r e s .
T - C 1( C 2
and T. - C, , C -
Method of derivation from (2):
j  c /  ”  <=S' ^ /  *  * ^  ^ t i f f  &
for component (1) - A  e / -  ■<&,c ,  = ° c , ±  7 $ ~ B ,  7 /
for component (2)
£  ^ Z*z *7""*
Subtracting: ~ 7 —  *’ ^  ~
but from (2) _ ^ * ^ 7 £ H P
~ r
or
then
2,  C / ~ “ <fL>
~  * / "  C ,  ,
*<Z,  ~  i-e, / •
or _ ^V ~ ~  -  S . ,  f f -  -  ’f £  • ^  • • . / - 3 V
S b *-<2 7
This formula, slightly modified for multistage operation, was 
recently used by A.E. Humphreys (1968, U.of Leeds) ( 20 )
for determination of (ct ) •
84
The separation factor; between two points in t h e (tempera- 
ture/concentration) field.
Fol l o w i n g  slightly different way of thought than Jones 
and Furry, we may say that separation factor is defined by 
equation (3).
It is a ratio comparing the relative concentrations at 
two points.
Then, if at point (y^) in the gap at Te m p ( T ^ ) c
the conc. ratio is , L
C v 2 y l
and at (y) in the gap at temp.(T)
the conc. ratio is C 1
(7* )
6 . 2 ( a )
C 2 y
the separation factor between (y^) and (y)
or between (T^) and (T)
is
q
l c_ i )
\ c z h i  / T 1 )
( ° i )  ( T '©2-y
which is equation (3), used for calculation of (a).
.. c  -  - ( f l i t .  ~ / T ' / -  / ,  ...
taking the first two terms of expansion ; y  _  / -r-«c T
6.2(b) Direction of the thermal diffusion effect, relative 
to the temperature gradient. Also, determination of (a)from 
m o m e n t a  at collisions and from viscosity measurements.
The thermal diffusion effect (and a) depend on the inter-
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molecular forces which modify the momentum transfer at 
collisions.
(1 61The calculations (by Chapman and Cowling) considering 
momenta at collisions, produce results in determinant forms 
from which only the first terms of expansion are used for 
simple systems, with good approximation:
Thus: for rigid spheres (gas model)
(a) is a function of m^ and m^only.
M 1where: m - = ------  is a reduced mass for specie (1) .
then a ^2 ^m 2 for molecules represented as
' = 118(m2 + m i ) rigid spheres.
For other gases described by the inverse power model
lc • ✓ # • •(F = — -) the force index (V) is included in the expression.
T v
g r  / o s *  y - y  # c h v )5=5 / / &  c ****-**0  * v -/ *
o L  _  V  ~  y  . s '  /\»)
So, the ratio: R T---= — :- ^ C
^ H s p h e r e s
Frankel (21) obtained an expression for the rate of m o m entum 
transfer (therefore, for the supporting force of the thermal 
diffusion) in the form, that was easily explaining the influence 
of ())) on the thermal diffusion and on the direction of the 
"transport", relative to the temperature gradient.
He applied th.e dimensional analysis to the problem of 
m omentum transfer between the molecules (of species 1 and 2).
Thus, the rate of momentum transfer (supporting force) is 
proportional to the relative velocity (V) and to some cross 
section (in space), where the exchange of mom e n t u m  occurs. c < r ) .
So, the rate of m o m entum transfer (supporting force)/per unit 
area J  —  / S  p h O f o h Y / '& h  c? / t o  •
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/<  r  n • C#»i 7
For the inverse power model F - — > ( J s e c ^ j
then < r  must depend on k.,m f
where; V force index _ ^ V+/J
]
k force constant / "jjjI 7  ^ Jrr _J
relative velocity , ^
m ^  [ l l  or relative m ass of
m l 2 4 J i < U  collision.
Checking the dimensions of various combinations only 
has the dimension of surface.
T h e r e f o r e ;
or
G~ oC /  u  jI ?( » V*J
-  +
oG ]/ V -(
\f(E oc I 1/ O O v
tz£.
i > ~ t
then the supporting force -of thermal diffusion (against conc. 
gradient) t / P / t  * ? /  7fs> ;  J /  y j f i
where; V is the relative velocity
Direction of thermal diffusion;.
The S u p p o r t i n g  force* is modified by the model of a gas 
(by ).
If the momenta of molecules (1 and 2), 
just before collision, are p^ and p^ then the supporting force
c*. ( ( / > * - / > ) ■ N - < r ^ ) a . v .
0 6  f a ' * ) ■ ) / & ) „ '
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Then: _
1 )  F o r  V  -  5 ( M a x w e l l i a n  g a s )  t h e r e  i s . n o  c o n t r i b u t i o n  
f r o m  t h e  r e l a t i v e  v e l o c i t y  ( V)  . T h e n ,  ( a t  e q u i l i ­
b r i u m )  t h e r e  a r e  o n l y  a v e r a g e  v e l o c i t i e s  o f  t h e  t w o  
s p e c i e s  ( 1 ,  2 )  w h i c h  a r e  e q u a l  = 0 ,  v ^ v ^ O .
So, F = 0  t h e r e  i s  n o  t h e r m a l  d i f f u s i o n .
2) F o r  ( m o l e c u l e s  h a r d e r  t h a n  M a x w e l l i a n )  t h e
s u p p o r t i n g  f o r c e  i s  g r e a t e s t  b e t w e e n  t h e  f a s t e s t  a n d  
s l o w e s t  m o l e c u l e s  ( l a r g e  V ) .  T h i s  i s  t h e  c a s e ,  w h e n  
l i g h t  m o l e c u l e s  m o v e  f r o m  t h e  h o t  w a l l  t o  t h e  c o l d  
w a l l  a n d  h e a v y  m o l e c u l e s  f r o m  t h e  c o l d  w a l l  t o  t h e  
hot w a l l .
r
3 )  F o r  5 ( m o l e c u l e s  s o f t e r  t h a n  M a x w e l l i a n ) ,  t h e  
s u p p o r t i n g  f o r c e  i s  g r e a t e s t  f o r  l o w  r e l a t i v e  v e l o c i ­
t i e s  ( V )  .
I t  i s  t h e  c a s e  w h e n  h e a v y  m o l e c u l e s  m o v e  f r o m  t h e  h o t  
w a l l  t o  t h e  c o l d  w a l l  a n d  t h e  l i g h t  m o l e c u l e s  f r o m  
the c o l d  t o  t h e  h o t  w a l l .
C a l c u l a t i n g  o f  ( a )  f r o m  v i s c o s i t y  m e a s u r e m e n t s
a  d e p e n d s  o n  t h e  f o r c e  i n d e x  ( ? )  a s  i n
R x T T 2 -  = M ' C(V)H • S v
and ( y )  m a y  b e  o b t a i n e d  f r o m  t h e  v i s c o s i t y  m e a s u r e m e n t s  a t
v a r i o u s  t e m p e r a t u r e s .
M  - l ~ nThe r e l a t i o n s :  /
and „  r  - Y l J L  o r  y  =  5 / 2 .  t l
were d e r i v e d  b y  R a y l e i g h ( 2 2 )  u s i n g  d i m e n s i o n a l  a n a l y s i s .
so A t  ~  F  F f - i )
Z O - i - c ( g y )
H S
a l s o  f o r  t h e  r a n g e  ^  y  ^
X t  =  % -  = / ■  7 - 0 - ”)
1 0 5 ( m 2 “mi) .  .
then l l 8 ( m  * 1 -7 <1“ U  .
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A l s o ,  a  m a y  b e  o b t a i n e d  f r o m  E n s k o g ' s  e x p r e s s i o n :
( 13a)
w h e r e :  n  n u m b e r  o f  m o l e c u l e s / p e r  c c
( L o s h m i d t  n u m b e r )
k  g a s  c o n s t a n t  p e r  / m o l e c u l e
( B o l t z m a n ’ s  c o n s t a n t ) .
6 . 3  S e p a r a t i o n  o f  a  g a s  m i x t u r e  i n  a t h e r m o - g r a v i t a t i o n a l
c o l u m n
( B a s e d  o n  J o n e s ,  F u r r y  a n d  O n s a g e r )  ( 1 3 , 1 3 a ) .
T h i s  i s  d e t e r m i n e d  a s  a n  o v e r a l l  e f f e c t  b y  t h e  ' t r a n s p o r t  
e q u a t  i o n  ' .
E q u a t i o n s  ( l e )  a n d  ( 2 )  d e s c r i b e d  t h e  t h e r m a l  d i f f u s i o n  
a l o n g  t h e  t e m p e r a t u r e  g r a d i e n t ,  a c c o r d i n g  t o  t h e  ' m o d e l '  o f  
g a s ,  c h a r a c t e r i s e d  b y  ( y )  a n d  t h e  v a l u e  o f  ( a ) .
T h e s e  e q u a t i o n s  a p p l y  t o  t h e  t h e r m a l  d i f f u s i o n  e f f e c t  A / C  
t h e  g a p  a t  a n y  l e v e l  ( z )  i n  t h e  c o l u m n ,  i f  t h e r e  i s  n o  c o n v e c ­
t i o n .
T h e  ' t r a n s p o r t  e q u a t i o n *  c o n s i d e r s  a m a t e r i a l  b a l a n c e  o v e r  
a n  e l e m e n t  o f  v o l u m e  a t  l e v e l  ( z )  i n  t h e  c o l u m n .
I t  d o e s  n o t  d e s c r i b e  t h e  t e m p e r a t u r e ,  c o n c e n t r a t i o n ,  o r  
c o n v e c t i v e  f i e l d s  i n  t h e  g a p ,  b u t  i t  i n c l u d e s  t h e m  i n  a v e r y  
s i m p l i f i e d  a n d  a v e r a g e d  f o r m ,  i n  i t s  d e r i v a t i o n .
T h e  e q u a t i o n s  a r e  f o r  t w o  c o m p o n e n t s  m i x t u r e  ( p r e f e r a b l y  
o f  m o n o a t o m i c  g a s e s ) .  T h e n ,  a g o o d  p r e d i c t i o n  o f  s e p a r a t i o n  
b e t w e e n  t h e  t o p  a n d  b o t t o m  e n d s  o f  t h e  c o l u m n  i s  o b t a i n e d ,  
i f  t h e  g e o m e t r y  o f  t h e  c o l u m n  i s  k n o w n  a n d  i f  t h e  t e m p e r a t u r e  
d i f f e r e n c e s  a r e  g i v e n .
J o n e s ,  F u r r y  a n d  O n s a g e r  g i v e  t h e  e q u a t i o n  i n  t h e  f o r m :
w h e r e :
 ^ i s  t h e  n e t  t r a n s p o r t  o f  ( 1 )  a l o n g  t h e  c o l u m n
 ^ m a s s  ^
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is the mol fraction of (1) at (z) 
z is the vertical dim. of the column.
H, K and K. are the thermal diffusion "factors" or "constants". 
9 c d
_  Z b  o l  U T \ l z
where: r t  ~  J  a "transport factor"
9 6  f  ( . T t
where: H C ^ ( 1 — C^) represents a vertical transport of (1)
which is due to the convective velocity 
and to the transversal effect of thermal 
diffusion.
t f  “ A? &  ~ , is a "convection factor"
2 $ o £ t * i z2 >  ( 7 V
/ O r *where.: I S  . — — represents a re-mixing effect due to
convection (along the vertical gradient 
of concentrations)
= 2wBj>D is a "back diffusion factor"
L,  G S jwhere: represents a re-mixing due to back
diffusion along the vertical conc.grad
Ojh.
<? Z
Also: w half width of the gap (ft.)
B mean length of the gap = ^ c i r c u m .on hot wall
+ circum on cold wal 1
f ,  .  ,  mas s \density ( r—  =---- )
J unit volume
i ) / z
g gravity acceleration 
a thermal diffusion constant 
viscosity
9D ^ 2 conc. diffusion coefficient
AT-T - T H C
•jr - !  ~~ f  c
A
The actual calculations of Jones Furry and Onsager were 
,not available. Therefore the derivations were worked out in 
full (Appendix 1)
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This was done because the original purpose of the pre­
sent work was to find out all the assumptions and app r o x i m a ­
tions already introduced (by Jones, Furry and O n s a g e r ) . This 
was essential, if any extensions to the existing methods 
could be attempted by us in order to adapt them to our thermal 
diffusion conditions.
6.3(a) The basis of derivation, following the argument
in(Appendix 1)
Considering a cross section through the column at any level 
(z), (or rather a volume of unit thickness), the rates of mass 
flow of gas (1) were calculated.
Therefore, for gas (1):
(The rate of flow of (1), IJ£ the column) “
= /the rate of flow of (1) Ujj with convective current 
' on hot side)
- (the rate of flow of (1) Down with convective
current on cold side)
- (back diffusion of (1) through the whole C/S of
the column Down the vertical gradient of concentra
tion ey ^
This is the equation of flow. (Transport of specie 1) 
Therefore:
  (11a)
average cone of (1) on the hot side . 
average c o n e . of (1) on the cold side.
In developing their equations it was necessary for Jones, 
Furry and Onsager to make many assumptions to simplify the 
derivations. In their published works, quite often the 
assumptions made are not directly stated but can be deduced 
by inference. Their method required a deep understanding of
i »
where: C,
t
C,
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the phenomena and obviously they were right, because their 
equation of transport (with all the assumptions in the deri­
vation) was verified experimentally for overall performance 
o f  columns, for two components (of isotopes). They also 
checked the systems with a third component present as a trace 
and their transport equation could still be used.
However, we are interested in mixtures of polyatomic 
gases, in (2) or (3) component systems.
In making their assumptions they made it impossible to 
study the behaviour of the gas in the gap, using their 
equations for transport.
Some physical properties like density, heat conductivity, 
specific heat, that were assumed constant, or linear or 
average A/C the gap, are in fact variable, relative to the 
temperature distribution and to the concentrations in the gap.
Later in the thesis, the assumptions are listed (1) to (6) 
f o r  thermo-diffusional part of derivation and then (7) to (10) 
f o r  hydrodynamical part. These assumptions are considered 
with reference to our examination of fields of temperature 
and concentration in the gap.
As will be appreciated this is a more difficult approach 
but it seems justified because we were able to correlate our 
experimental results,some equations (derived) seem to relate 
the concentration and temperature fields quite well.
6.3.1. Simplifying assumptions (by Jones Furry and Onsager) 
that make the derived formulas only useful for overall esti m a ­
tions but not to study the fields in the gap.
1) The heat conductivity is assumed constant A/c the gap
( X = c o n s t .)
2) The temperature gradient A/C the gap is assumed linear
—  AT T = T+— ---  x
2w
where: T-is the average temperature A/C the gap.
x — is the coordinate normal to the walls.
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3) The convective situation in the gap is represented
by two columns of gas. The width of each column
is half the gap ( w ) . The hot column is moving up 
and the cold column is moving down.
(The convective velocity is calculated as resulting 
from this situation)
4) The concentration of specie (1) in each column
(C, and C , ') at any level is constant along ( x ) .
5) The gradient of conc. (A/C) the gap, if used, is
6) The de n s i t y  is taken to be average and ^  -  const, 
in the column.
assumed linear;
6.3.2. Concentration balance (diffusional and convective)
To express the transport equation 11A by the known p a r a ­
meters, two main terms must be calculated;
» » »
1) C, — C| which is the difference between the 
average concentr. of the convective streams at 
any level z.
and
2) the convective velocity, which is taken as average 
for each stream v.
* » 1
C t — C | ;
a) The action of convective streams tends to increase
» t i „ / j n «
C, — C f at the rate (-2v*-— 1) .... ( 4 ) (Appendix 1)
/ y  z
b) The other effect is the thermal diffusion A/C the gap, 
along (X). This effect is estimated from the basic 
quotation;
C , ( v 7 - a r )  =2>tz. V g & T ~  V <L )
where: v. v are velocities along (X) and v--v + v- is thef f av t av' x
net gain of velocity of (1).
also, the concentration grad along (X) is assumed 
So, the net transport of (1) A/C the gap is
t »
c, “ C ,•
w
(6)
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where the temperature gradient is assumed as
o r  ^  a t***** c^wkmewxhswc*.*n x  z pj
(using approximation (2))
This transport of specie (1) is into an elementary volume 
of the Hot column of gas = w«(unit height) = w .
I t
So, the net rate of increase of C, • per unit Volume of the 
hot column at (z) is
f  C , v tx
w
Also C\ i n  unit volume in the cold column (at (2)) is 
decreased at the same rate.
»» t
Therefore the rate of increase of (C, - C f )because of 
transport along (X) is
C tJ J jU
  (5)
_ -?c< Kx—j — —;2. f
At equilibrium the sum of all the effects is (c, - c . )  = 0
(horizontal effect from (5)) + (vertical effect from
(4)) = °
J?  C f I f r ix  *9 S Z  ' ’) o
Substituting the value of G £v -^x from. (6) and solving for
ii i
(Cf -C, )
11 T  i r
we have C, -C t ’ = C f C^ ~  4
ti i .
We substitute the expression for C, -C, into the transport 
equation 11A and get the form:
■ J T  r  2~> / T . ! Z  /
fhe total rate of flow] = /Vertical transport of (1) Up \(1-) H E  J I d u e to convection and transversal/' *ther. d i f f . J
- /.Remixing effect due + back diffusion j 
I to convection vertical/
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It now remains to determine the value of the average con­
vective velocity (v). The calculation of (v) is the main
part of our calculations in (Appendix 1).
Again, to appreciate the simplifications in Jones & F u r r y ’s 
"Hydrodynamic Case", it was necessary to go through the d e r i ­
vations step by step. (Appendix 1 ) (13,13a)
Nearly everything that happens in the gap is assumed and 
simplified, yet it takes a deep understanding of the phenomena 
to get (with all those approximations) the real results in the 
final product. The transport equation predicts the overall 
transport for 2 components.
However, the equations themselves and expressions leading 
to their derivation are not of any use to study the fields in
6.3.3. The Hydrodynamical Problem as defined by Jones, Furry 
and Onsager is "tailored" to simplify the transport equation.
The equation of flow is given in the form:
This looks like a very simplified expression of Navier 
Stoke equation for viscous fluid.
Although the derivation of Navier Stoke equation is a v ail­
able in books on hydrodynamics (23,23a), the writer worked 
through the derivation of general case of flow to realise the 
nature of simplifications introduced by Jones, Furry and 
O n s a g e r .
The complete derivation and simplifying assumptions to 
obtain the form (7) are in (Appendix 1).
The basis of derivation given here, is to specify when it 
is just the geometry of flow that is being simplified (to fit 
the conditions in the gap) or/and when the basic dependence of 
physical properties ( ?, Cp » -••) on temperature is simplified.
the gap
(7)
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First, the equation of continuity is defined using G a u s s ’ 
theorem: (24)
O f
( 'P'I'rJ  iT* *"* ^  (Appendix 1)
~  this is a condition of continuity in 
fixed coordinates
_ “  2 )  f  _  _
: J  t?* I T  *f" ^  ^  “* ®  (Appendix 1 ) ....... (a)als o
the condition of continuity following the flow. 
Also, special conditions:
. DfFor incompressible fluid = 0 
therefore from (a):
z  o  ' o th r v~ ~ O
Lz*MUn  -t- — a •- o  eh /o x  M p  u
This form of continuity equation is mostly used. Then, the 
equation of flow is derived in a non-viscous fluid, by balancing 
the forces on an element of volume 5  x -fy -J~z .
This is the E u l e r ’s equation (23,23a), (Appendix 1)
p  / _ 2 ? S i‘
F  ~  jV f>  -
where: F is a body force
Vp is a gradient of pressure
In viscous fluid the Euler's equation has to be "modified"
SFP'l (viscous forces/unit mass)-
To calculate the viscous forces an e quilibrium of stresses 
was taken over an element *Tx$yJz.
Due to viscous medium, the pressure (p) is now considered 
as a stress vector.
Ex: p = p +p +px rxx rxy rxz
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(pressure vector in (x) direction is split into p - the
X  X
direct stress along (x) and also in two shearing stress 
components of (p ) in the direction (y) and in the direction
(z).
The equation of flow is obtained in the form:
p  > /  O f} X X  O / z g j f  J_
F a  +  T  (  T f i r n *  o Y J  -
2 > w -k
f  I >~>X O  y  K) Z . /  2> " t ... (8)
which is an (x) component of the equation
where: P is the direct stressxx
p is the shearing stress along (x) contributed
yx fay (py )
p is the shearing stress along (x) contributed
ZX by (pz)
The stress components were estimated and substituted into
(8). T h e n :
Navier Stoke equation of flow (in x direction) is:
A „ JL21 + £ - [ / . 2 . (23*h x  f? tix. j  [  3  °  vs J W x*  Ap  a o  Jj-t.
or
&  ~ y p f i  +  / " / j  E x  ( VT  + vZ 3 c J  r- j  f x
in three dimensions: . -_ ^  ^
The simplifications, introduced by Jones & F u rry were 
estimated, starting with the form 9.
6.3.4 Simplifying Assumptions (continuation) - following 
the Hydrodynamical problem of Jones, Furry and 
Onsager.
7) The gas mixture (under the conditions of the experiment 
was assumed incompressible then: from condition of 
continuity:
z x r ( p -  i r ? *F* j  O X  j  V lL  J)t:
6) Only in derivation of convective v e l o c i t y ; (?) was 
assumed a linear function of temperature
( T - T + f f x )
then 9 is simplified to: ^
8) Tl, A,D ar e assumed indep endent of temperature
- (and compos it ion)
9) The c onve ctive flow was assumed free from turbulence
(this i s acceptable for study of the f i e l d ) .
10) Al tho ugh convection was assumed^ only conductivity of
heat (through stationary gas) was considered with 
A = const.
Steady conditions of flow were assumed
therefore: k -iJv
Dtvx = 0
The equation of flow simplified to
( Off / 1 . z
c r - —  -7— —  *r? ,O r  e o V  <V-X- o
in fact (z) component is used:
r r  —  ~ J —  —  •J ~  \ 7  c 2 / ~  —  O
' R  j>  O  3 L  /  Z
The form used by Jones & Furry is 2 — -
i=  _  JL3 e . ,  A  =  °
Therefore it is assumed by Jones,Furry and Onsager) that 
there is no change occurring along (yy) - the w i d t h  of the 
column \
So. in the Laplacian „
- o j .
0  ,
&
Also, that there is no variation of v~ along the vertical ( z z )
9 V a  _ 7
C z '  • 9
9  n r* .
t h e n , only
where O d e is a
mainly oper ates
w h e r e :
JL
f
remains
ich ( ~ f ~ )
is a kinematic 
viscosity coeff.
The equation (9) is then reduced to the form
I t t R  ... (10)
The pressure gradient at (z) is from approx. relation
b a p g.z (as used by Jones Furry and Onsager)
Jo~z.
By differentiation:
z  ~ p .f t s
0-Z
Substituting this into (10) we obtain a transport equation as 
used by Jones, Furry and Onsager):
21 
O j c
"JL _
or O  n p
C~7 X • •
This equation is now used to determine v the convective 1 z
velocity .
6.3.5 Convective Velocity.
From equation (7) by steps as probably taken by Jones 
Furry and Onsager (details in Appendix 1) .*
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/fk  T - T + - j j r ' x  ± r . x  ~  r
h f f k  r n  0  -  j i J
where! q
is the average density 
Substituting into (7) and integrating against X.
,2
With linear temperature distribution
( H - -  ft, f X'Af
J  9  o x *  "  J f  r 2*4 t
assuming -  const.
h  -  -  f  e  t F = X  *■+ c .
7  O X  J  &  f t *  /
again: *
j n k  ~  ~ f t  - x * + c * *  +  e~*
Substituting the limiting values for X:
<5 7~* _ «3
/2 /d 7 “
^  7 1  y.J
then ~
(  / 2  o  j r
therefore: The convective velocity is:
X ZL V- 5 d ^ £ l
j  ^  / z & ~ r  / 2 “  T
-  1  r  i £ ? r  C * '* - * * )
J r  „ ^  -Al <1 0 A >
The average of this velocity (A/C-w) is used in transport 
derivation:
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Therefore:
‘' o
z r / ' K
a t z t f v - p L  j o
- { J o t  TL. T L t-Q o i
~ ~  t i zN z . ^ p  f i r f g
To reduce the transport equation (11A) to the form as 
presented by Jones & Furry,
we substitute the expression (12) into ( 1 1 A ) :
e *t—  t o * & fy  — — —
H  A f iS  *7 * A
C ^ , C 2 being mol fractions: C i + C 2 = ^
(12)
then
<r f f o f l p o  (A L  \ > n . \  _ f f r k i l t
9 6 %  I t /  , u  4  L z * < * f £ > [ f
So we have:
£ t f  C
L ,  -  A - c , ( r - e , )  -  /? < /)
6.4 Separation factor on the column ( ^ ) .
An overall separation factor for the ends of the column is 
given by Jones & Furry from the transport equation at total 
reflux:
T  ~  o
A  ( c  ( /  ~  C.)]  =  K  to fo r e  : M . -  / < t + K , 1
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& C f* *
& { £ * i j t i  ~ 3 & J  & Lsl  j  t* A
d . ( t % t / & ? )
x  %(px% *■?** * #  = ^ 7
. . . . '  * d L  ’ - f
Z  s  Lft h t
or q = £
This relates the length of the column (L) to the 
separat i o n .
Also it is stated by Jones & Furry that with a given length
( D ,  the half width (w) of the gap may be adjusted to make
Hthe value of 2A = —  m a x imum (for q _  ) .& max
This occurs, when K. = 2fCd c
Jones & Furry say it is easy to show J perhaps as follows
From (Appendix 1), the thermal diffusion factors may be 
represented as functions of ( w):
H -  Cm * .  K - D m7 Bw
d
where: C,D,B, are parameters independent of ( w ) .
H C »!then: 2A K +K, Dw7+Btvc d
then, the first derivative:
d f  (3±il_
/  t* ~ (£>*>? f  B d r f f
_ d(2A) _Then, for extremum   = 0
dw
( 2 > a/ 7 -+ 3 J - 3 - C t o 3 f  7 j & i o c  * B > )  ~  °
( P a > 7  + S * > )  ' 3  =  * +  3 j
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t  3 B l  ~
2 & >  ^  ^  7 
=. £j£> *>  ?
/ C # /  ~ J2 /CC  . . .  ^Oh to tt# tfo tt *» %
/O S 'Then, the maximum value of A = ----mx ( 0 £
In fact, q = ^  \ a x  * L
gives the best combination of ( i r j) and (L) for the required 
separation factor.
However, in case of common gases, the writer had not 
much success in correlating the calculated separation with the 
experimental (as in Chapter 5).
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6 . 5  D i s c u s s i o n s  o n  t h e  l i m i t i n g  a s s u m p t i o n s  o f .  ( C h a p t e r  6 )  .
It will be obvious on examination of (Tables D), Fig. (1,2) 
and programmes (GRAD,MCQN, MCWLB) also of Fig.(E) and 
(Tables A) that the concentration and temperature profiles 
A/C the gap are not linear and therefore the derivations 
based on such assumptions all lead to lack of correlation 
of results.
The experimental results of concentration distribution A/C 
the gap were used (in computer programmes: GRA D , M C O N ,  MCWLB)
to determine the corresponding temperature distribution.
The calculated temperature distribution (also not linear) 
compared well with measured temperature profiles.
Further, to confirm that linear assumptions (of tempera­
ture and concentration) will not help in correlating the fields, 
we used the transport equation of Jones, Furry and Onsager (13,13a 
to determine the separation factor between two levels (Z)
in the column at total reflux.
as in (6.4)
J*l 
£  k l
where: L=Z
The correlation was very poor with the practical results.
F i g . (3)
The reason for this lack of linearity (which is more pro­
nounced with common gas mixtures than with isotopes) is 
apparent from the physical properties: (like: density, thermal
conductivity, spec, heat, viscosity) which are more dependent 
on temperature and relative concentrations in the mixture than 
in the case with monoatomic gases.
These dependencies of (J,C ,k,y) are discussed by Euken (25), 
Was s il j ewa (26), Bromley(27), Lindsay (27), Brolcaw(18).
q =
l-c,
l-c.
1 0 4
Several theoretical approximations were made to calculate 
the " p r e c i s e ” values of (k,^,]J,C ) for pure components and 
for mixtures of our three gases (He, CO^jN^). This was done 
within the range of temperatures used in the experiment.
These methods are described in (Chapter 7) and their appli­
cation is apparent from the correlations of temperature and 
concentration fields (programmes G RAD,MCON, MCWLB).
These operations were done in the hope that some lead 
may be found (from these correlations) to help to derive 
expressions for "separating factor" or for "transport" of 
specie (1, 2 or 3) under our non ideal conditions.
In fact, after our initial efforts to analyse the subject, 
the approach became more p h e n o m e n a l o g i c a l .
1 0 5
C H A P T E R  7
As stated in Chapter 3 and Chapter 6, the temperature 
profiles in the gap are some non-linear functions of position 
(x) .
Before any attempt to correlate the temperature and c o ncen­
tration distribution, the physical properties (j?, k , y , , 3 ..) 
were expressed as functions of (T) .
These relations, when they are used at various positions 
of (x) in the gap, become the functions of (T) and of (x) 
because (T) depends on ( x).
For precision of expression the derivations are limited to 
the temperature ranges as expected in the gap:
Calculations are in (Appendix 3).
The expressions for (y , j?, , k , 3 • • . . ) were used in equations 
to express the heat balance at points (x) in the gap. T h e r e ­
fore, the concentration distribution was related to temperature 
dis t r i b u t i o n .
That was the situation in programmes (GRAD MCON,MCWLB) - 
where the main problem was to obtain temperature distribution 
from concentration distribution.
7 . 1  C a l c u l a t i o n s  o f  p h y s i c a l  p r o p e r t i e s  o f  g a s e s
7.2 Temperature distribution on the cold wall (inside face) 
This is calculated in (Appendix 4).
The following is a summary:
7.2.1(a) Limiting velocity of water film
The mean limiting velocity (of film) was calculated as
(Urn)
g W 2
lbswhere: density of water(— —
"^1 8 7^  HU ■ y j i . f t )  cold walls C/S circumference
1 0 6
v -  v i s c o s i t y ( s e ^ f t ’)
W = (lbs/sec) - water rate.
T h e n , it was necessary to check, if the cold wall areas near 
the top of the column (Probe 1) were not affected by less 
efficient cooling. This could be due to the lower velocity of 
the film. As already described the film was starting (at the 
top) with velocity U q = 0
The equation derived in (Appendix 4) gives the distance
from the top of the column where the limiting velocity would be 
reached. Of course an increase of velocity is rapid at first 
and then to reach (Um )eq an increase becomes asymptatic at 
x  ->  00.
Therefore, the distances from the top of the column were 
calculated, where the following fractions of the limiting 
v elocity are reached:
Fractions: k = ~  = 0.8, 0.9, 0.95, 0.98, 0.99n
This was done from the equation:
A ((&  * 7 r ) ~  ttfcAs/ ■ ip
~ xa ,/ # *  4 ^ 7
)
where: p = 0.018
The value of (p) was calculated for the above values of
(~) in(Table 1)- (Appendix 4).
VT lJZ&m 9 IaJ *  was
calculated (for each experiment) using the values from (Table
2) and ( x), for each fraction (^)^was calculated using p r o ­
gramme (FLOW), for all (38) experiments.
It is seen from the calculations (computer output F L O W ) , 
that over 80% of the limiting velocity is reached in less
1 0 7
The top probe (No.l) is at (x = 0.375 ft) below the top 
of the column.
It was then assumed (within the experimental precision)
that the whole film moves with limiting velocity (U )eq.
m.
7.2.1(b) Calculation of the temperature distribution over the 
inside face of the cold wall from:
_ T B~TT f *  / _ L +  L _ y  X j  + T
“ " H l S ( h K V  J
t h a n  x = 0 . 5  f t  ( f r o m  t h e  t o p ) .
c
(equation 3. derived in Appendix 4)
where: T^,T^ temperature of water near the bottom
and near the top end.
H height of the column
W (lbs/sec) water rate
S circumference of the cold walls
k heat conductivity coeff. of m. steels
h heat transfer coeff. from water to theX steel wall (at x)
x distance from the top
L {in. thickness of the wall
h was calculated for every level from Nusselt equation - s
Coulson (282)
V X _ „ , „ ! / 3  \
then: h = 0.323
Nu = — p-  = 0 . 323 *Pr »Rex k xw
wtl 6X6 2 1c ©w heat conductivity of cooling water
C pPP _ — E—  .Prandtl number
r • k
W S  ..
*•, ■ I f f  -- X
. / J j i .  fcS ■'fe - L
x " 1 3 /  f •S' i f  f T
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F L O W ! 4i  A l L N D N  A 1 6 / 1 0 / 6 9
10 PR IN T "XI " ,  "X2"# "X3",  "X4",  "XS"
2 0  READ 7.
2 5  LET S = Z / 1 0 1 A
40  LET Y = C 1 . 6 9 6 * S t 0 . 3 3 3 3 ) t 2  •
60  LET XI = 0 . 0 2 R 7 / Y  
70  LET X2 = 0 . 0 4 1 6 / Y  
8 0  LET X3 = 0 • 0 5 4 1 /  Y 
90  LET X4 ~ 0 . 0 7 0 9 / Y  
! 0 0  LET X5 = 0 .  0 7 2 / Y  
120 PRINT X I , X 2 , X 3 , XA*X5 
13 0  GO TO 20
2 0 0  DATA 2 5 2 .  0 1 5 7 ,  5 5 .  9 5 8 5 ,  6 5 .  4044*  A A * AH 75 ,  58 .  3361  , 40 .  4 2 7 6 , 4 1 .  8 8 0 6 ,
201 DATA 68 .  1 8 0 0 ,  53-  5 62 4 ,  4 8 .  3 48 7,  75 .  98 7 2 , 3 9 .  9 3 3 0 ,  3 3 .  0 6 4 4 ,  3 9 . 8 8  2 5,
2 0 2  DATA 3 4 .  9 69 2 ,  3 5 .  2 7 0  6 ,  3 4.  2 0 9 3 ,  43 .  5 6 3 5 ,  3 2 .  9 0 6  4,  3 0 .  8 7 3 3 ,  2 7.  69 7 6,
2 0 3  DATA 3 2 . 6 5 6 5 , 4 5 . 1 0 8 4 , 2 7 . 6 6 5 7 , 3 1 . 5 8 8 8 , 4 7 . 9 3 2 5 , 2 9 . 7 0 0 6 , 3 2 . 9 3 7 2 ,  
2 0  4 DATA .36.  8 5 6 9 ,  3 8 .  7 1 8 4 ,  4 8 .  79 78 ,  5 2 .  001 5 ,  4 0 .  0 79 2 ,  5 4 .  51 1 0 ,  4 2 .  8 4 5 2 ,  
2 0 5  DATA 2 5 . 6 0 4 7 , 3 1 . 8 6 1 7 ,
9 9 9  END
RUN
FLOW 14: 48 LNDN A 16/10/69
1
\\
X 5 !k  •=- o - gX 1 x, “ ■* O ' j rX 3 *
Q ' 1 $
XA
I ■ •116048 .168209 .218753 . 286684 .291131
2 .316448 . 458685 .59651 . 781 748 . 7938 7 7
9 .285198 .413388 .537603 . 704549 .71548 ;
£  . 368735 .534474 .695073 .910918 .92505
f  .307791 .446137 .•580192 .760362 .772159
^  .393024 .569679 .740856 .9709 1 9 -.985983
J  .383881 .556427 .723622 .948333 « 9 630 4 6
0 .277405 .402092 .522913 . 6 8  529 7 .695929
0 .325816 .472263 . 6141 6 8 . 80489 .817378
f0 *348834 .505628 .657559 .861755 .875125
. (I . 258065 .374059 . 486456 .637519 .64741
( I * 39 62 62 .574373 .746961 . 9 78 9.1 9 .994107
jj.449391 .651382 .84711 1.11017 1 - 12 739
396596 .574857 .747591 . 9 79 74 5 .994945
/£. 432922 .62751 .816065 1 . 06948 1 . 08 608
fa *430452 .623931 .81141 1.06338 1 « 0 7 9 8  ^
439309 .636768 .828104 1. 08526 1 . 1 0 2  I
/$. 373931 .542004 . 7048 6 6 .923752 . 93808 4
/^ f. 450898 .653465 .849819 1 . 11372 1.13 1
2 0 . 4 70 40 7 . 6 8  18 45 .886726 1.16209 1 . 18 0  1 2
Z f • 505706 .73301 .953265 1.24929 1.26867
4531:25 .656794 .854149 1.11939 1 . 13676
23. 3 653.44 .529558 . 6 8 8  6 8 .90254 .916543
2/#. 50 60 9 5 .733573 .953998 1.25025 1 . 26965
j2^. 463278 . 67151 1 .87328 7 1.14447 1.16223
. 35085 1 .50855 .661359 . 8 66735 .880183
£y, 482708 .699675 .909914 1 . 19247 1.21098
2#* 450547 .653058 .849289 1.11302 1.13029 .
ort • 4 1 8 0 1 2
' .404506 
3 1* 346691 
3 ^.332303
.605899 . 78796 1.03265 1. 048 6 7
.586322 . 7625 .999284 1.01479
.502521 .653519 .85646 • . 8 69 7 48
. 481665 . 62639 7 .820915 f ..8-33 65 2
•395298 .572975 .745143 . 9 7653 7 '■. 99 1 688
322025 
3 78 098 
30.532898
.466768 .607023 .795526 . 80 78 68
* 548044 .712721 .934047 • . 9-48 538
.772424 1.00452 1.31646 1 . 33689
.460629 . .'667 67 1 .868293 ♦ 1.13793
1.15558
. 109
... OUT OF DATA IN 20 ......... -
i
P r o g r a m m e  (GRAD 2)  i s  u s i n g  e q u a t i o n  (.3) ( A p p e n d i x  4 )  , 
t o  c a l c u l a t e  ( T c ) a t  p r o b e  p o s i t i o n s :
A t  d i s t a n c e s  f r o m  t h e  t o p :
X = 0 . 3 7 5 ,  1 . 3 7 5 ,  2 . 3 7 5 ,  3 . 3 7 5 ,  ------- 7 . 3 7 5 ( f t ) .
T h e  h e a t  a b s o r b e d  b y  w a t e r  (Q)  i s  c o r r e c t e d  f o r  t h e  
a m o u n t ,  w h i c h  i s  a b s o r b e d  f r o m  t h e  b o t t o m  t r a y .
T h e  d a t a  f o r  p r o g r a m m e  (GRAD 2)  may b e  o b t a i n e d  f r o m  
( T a b l e  2 ) .
N o m e n c l a t u r e  i n  P r o g r a m m e  (GRAD 2 ) :
Y = ( E x . N o . )
W = w a t e r  r a t e
T 1 = ( T t > t e m p e r a t u r e  o f  w a t e r
T 2 = < V ,
I a t  t h e  t o p  a n d  a t  t h e  
b o t t o m  o f  t h e  c o l u m n .
R I = ( f r > n d e n s i t y  o f  w a t e r  a t  t h e t o p  a n d
r 2 ( h ) y b o t t o m  o f  t h e  c o l u m n .
M3 = ( y T) . v i s c o s i t i e s  o f  w a t e r  a t t h e  t o p  .
= ( P B) ) a n d  a t  t h e  b o t t o m  o f  t h e c o l u m n .
TC 4 3
CO••••CN
T h e  v a l u e s  o f  ( T _ )  o b t a i n e d  i n  (GRAD 2)  w e r e  u s e d  i n  c a l i -
b r a t i o n  o f  t h e r m o c o u p l e s .  F )  .
7 . 3  C o r r e l a t i o n  o f  c o n c e n t r a t i o n  a nd  t e m p e r a t u r e  d i s t r i b u t i o n
T h e  s t a r t i n g  p o i n t  w i t h  a l l  t h e  c o r r e l a t i o n s  w a s  t h e  
d r i v i n g  f o r c e  o f  t h e  t h e r m a l  d i f f u s i o n ,  w h i c h  i s  t h e  t e m p e r a ­
t u r e  g r a d i e n t  a t  a p o i n t  .
( G r a d  T)  o r  (fr T) w a s  c a l c u l a t e d  f o r  t e n  p o s i t i o n s  i n  t h e  
g a p  f o r  e a c h  p r o b e  a n d  f o r  e a c h  e x p e r i m e n t .
To do  t h i s  l o n g  a n d  r e p e t i t i v e  w o r k  t h e  w r i t e r  p r e p a r e d
p r o g r a m m e s  a n d  u s e d  t h e  c o m p u t e r .
I n  o u r  c a s e ,  w i t h  t w o  l a r g e  p a r a l l e l  p l a t e s ,  t h e  p r o b l e m  
w a s  s i m p l i f i e d  b e c a u s e  t h e  f l o w  o f  h e a t  c o u l d  b e  c o n s i d e r e d  
i n  o n e  d i r e c t i o n  ( x x ) , A/C t h e  g a p .
N o t e : I n  f a c t ,  o u r  c a s e  w a s  t wo d i m e n s i o n a l  ( a s  a l r e a d y
110
d i s c u s s e d  i n  C h a p t e r s  2 a n d  6 ) ,  b u t  i n  c a s e  
o f  h e a t  f l o w ,  w i t h  v e r y  l ow c o n v e c t i v e  e f f e c t  
t h e  h e a t  f l u x :
q = q + q wa s  n e a r l y  q = q
X  ^  X
Th e  t e m p e r a t u r e  g r a d i e n t  VT wa s  c a l c u l a t e d  b y  t w o
m e t h o d s :
1)  C o n s i d e r i n g  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  j u s t  a s  
a  f u n c t i o n  o f  ( X ) , ^ p h e n o m e n o l o g i c a l  a p p r o a c h ) :
T = f  (x)^ t h e  f i r s t  d e r  i v a t i v e  Oy*—) w a s  f o u n d  b y  
n u m e r i c a l  d i f f e r e n t i a t i o n  on  thfe c o m p u t e r
P r o g r a m m e s :  (DERBM),  ( DE R B ) .
N o t e : The  d i s t a n c e s  f r o m  t h e  h o t  w a l l  w e r e :
0 ,  0 ! ,  0 . 2  .............0 . 9 ,  1 . 0
0  T(DERBM) w a s  c a l c u l a t i n g f c j ^ )  a t  i n t e r v a l s :
0 . 0 5 ,  0 . 1 5 ,    0 . 8 5 ,  0 . 9 5
T h e n ,  (DERB) c o u l d  b e  u s e d  t o  e x t r a p o l a t e  t hem'  
b a c k  t o  t h e  o r i g i n a l  d i s t a n c e s .
2 )  I n  o t h e r  m e t h o d  i t  w a s  d o n e  f r o m  t h e  r e l a t i o n  f o r  
h e a t  c o n d u c t i v i t y  a t  a  p o i n t  ( x ) .
< W _
^ x  k  xT k xT
T* -  ***
k xT
w h e r e :  k x <p h e a t  c o n d u c t i v i t y  c o e f f i c i e n t  a t  (T)
i n  p o s i t i o n  ( x )
T h i s  w a s  d e r i v e d  f o r  m i x t u r e  o f  g a s e s  i n  ( 7 . 1 )  o n  t h e  
b a s i s  o f  r e l a t i o n s  a s  u s e d  b y  Owen a nd  T h o d o s  ( 2 9 )  ( 1 8 ) :
kx
Tn T no
w h e r e :  1cq i s  t h e  c o e f f .  f o r  p u r e  c o m p o n e n t  a t  ( 0 ° C )
n i , n 2’ n3 a r e  p o w e r  i n d i c e s  c h a r a c t e r i s t i c  t o  
e a c h  c o m p o n e n t .
I l l
GRAD 2 1 2 :  1 9 GE I S A 31 '  3  3  ^ 7 3
13 PRI NT "COLO NALLS TEHP F 1 . F 2 , TO FA AT PROPES POSITI ONS* '
3 PI PRINT-  " Y "  » "  r  1 " ,  ” F 9**, " F  3"» "  F 4 " »
43 PRI NT " F 5 " , " F 6 " ,  " FA '*»
5 PI REA') Y,  v ' , T l , T 2 » R l . R 2 » v13»v)H»Q,
6 0  P R I N T
7 P )  LET V 1 =  1 .  A + T l +32
API LET VP=!  • =t *T?+32
API GO S'JP 270
IPIPl LET F1=T4
113 GO SUP 333
120 LET F2= T 4
133 GO S'JA 333
143 LET F 3= T 4
153 GO S'JP 333
163 LET F4= T4
173 GO SUP 333
1 A3 LET F5= T 4
193 GO S'JP 3 33
233 LET F6=T4
213 GO SUP 333
223 LET F7=T4
233 GO S'JP 3 33
243  LET FA=T4
253 PRI NT Y » F 1 , F 2 , F3» F4
263 PRI NT F 5 , F 6 , F 7 , F A
265 GO T 3 50
273  LET X = 3 . 3 75
2A3 LET R=R1- 3 . 1 2 5 * C R 1 - R 2 )
293 LET 0 = <vl 3 - 3 .  J 25 * C 3 3 - M 4)  * O  '  1 3 t 4
333 LET H=C 5.  6 -^  1 3 t  4)  *C 1 /  <t  pi. j  > *  ( A»*R/v) ) T 0 .  3333
331 I F  X > 3 . 375 THEN 335
332 LET H = H*Q» 0.  5
335 LET P = 3 . 13 A / H + 3 . 395
313 LET T 3 = C V 2 - V I ) * 3 . 12 5 * C N* P+ X ) + V 1
315 LET T 4 = T 3 * 3 . 6 9 3 3 1 3 + V 1 * ( 1 - 3 . 6 9 3 3 1 3 )
323 RETURN
333 LET X = X+1 
343 GO TO 2A3
I » I . 27 ,  1 6 . 5 ,  2 7. 5 ,  62 .  3 5A,  62* 23 5,  7. 3 7 I 1 , 5.  6 79 1 ,
1 , 2 ,  2.  9 , 1 3 * 1 A . 5 , 62 • 39 A , 62 .  3 3 7 4,  A . 3A 9 sc ,
7 ♦ 3 3 A 2 , 3« A 4 1 I ,  3 , 2 .  65 ,  12- 75,  2 1 ,  62.  4,  62.  333*
A . 13 9 2,  4.  5 9 2 3 , 3 • A 7 3 2 * 4.  3. 4,  13.  5,  1 4. 25 » 62 • .4 1 6 4»
3A3 DATA 62.  3A 6 , A .  6 6 5 4 ,  7.A1 7 3 , 3 .  A33 7A, 5» 2.  9,  1 1 , 1 7. 5,  42.  4 ! 2 A ,
62.  3 4 9 ,  A.  5431 , 7.  1 A5 4,  3.  A 4A5,  6 , 3.  65,  A.  5,  I 3,  62 .  4 2,  62* 3 762 ,
9.  1 A31 , A . 3 A 2 A , 3 .  7A9A,  7 , 3 .  6 , A,  1 3 , 6 2 .  42,  62* 3 7 6 2 , 9 .  31 3 9,
OAT A A. 3A2A,  3.  7 94A4 ,  A,  2* A,  A,  1 4.  25 ,  62.  42 , 6.2 • 3 A 6 , 9 . 3 1 39 , 7. A 1 73,
423 OA r A 3 . A 7 A 3,  9.  3 ,  3.  23 ,  7,  12,  62.  423A,  62.  4 3 56 ,  9.  5 9 A A , A .  3379 ,
433 OAT A 3.  a P57,  I 3 ,  3. 3 3,  A , I 4,  62.  42,  62.  3A A 3,  9.  3 1 39 ,  7. A 6A 4,  3 .  A ! 6 A,
1 1 , 9 , 5 ,  ] P ,  19,  62.  4 3 5 6 ,  62.  3 3 3 3 » A . 3 3 7 9 ,  6 . 9 2 3 9 , 3 .  9 ,  12,  3* 55,
13.  5,  16,  62.  4 1 6 4 ,  62.  3 4 5 9 , A . 6 454 ,  7. 4 6 6 5 ,  3.  7A A , 1 3 , 3 .  7,
1 4 . 5 , 23,  62.  3 2 3 5 , 62.  3 1 6 4 , 7. 7 65 6 , 6 . 75 3 6 , 3.  7 6 32 ,  1 4,  3.  3 5,
I 4.  5,  2!  , 62.  3A 35,  62 .  33 3,  7. 7 65 6 , 6 . 3 9 23 ,  3.  7A 79,  1 5, 3.  49,
1 7 , 2 2 . 3 , 6 2 . 3 5 6 2 , 6 2 . P 2 2 9 . 7 . 2 7 6 4 , 6 . 3 9 2 3 , 3 . 7 7 3 3 , 1 6 , 3 . 4 5 ,
17.  5,  23 ,  62.  3 49,  69.  27 2 2 , 7. I A 5 6 , 6 . 2 A A 5 , 3 .  7714 ,  17,  3* 44,
1 9 , 2 4 .  5,  62.  3 3 3 3 , 62 ,  2 5 1 2 ,  6 . 9 2 3 9 ,  6 . 3 7 4 2 ,  3.  7675 ,  1 A , 3 *  3 4,
1 9,  25 ,  62 .  3-33 3,  69.  24 4,  6 . 9 2 3 9 ,  6 . 33 5 6 , 3 .  A , 19,  3.  35,  1 A,  2 3 . 5,
42.  7 4 3 6 ,  62.  2 4 5 6 ,  7.  "  > S 6 , 6 . 2 1 63,  3.  76 . 2-3 , 3. 4 , .> • , 2 4 . 5 ,
OATA 69.  31 64,  69.  251 2 , 4 . 7 5 3 6 ,  4.  ’ -><':7,3. 755,  21 , 3.  A,  19.  5,  25 ,
49.  3 >•> 1 , 49.  2414, 4.  A 3 6 9 ,  6 * 3 3 5 6 ,  0 . 7 425 ,  2 2 , 3 . 5 3,  1 9 ,  24,
OATA 6 2 . 3 3 3 3 ,  69.  2 5A4,  6.  9 9 .3 3 , 6.  1 4 3 4 , 3.  761 5,  2 3 , 3,  1 A,  9 3 . 5 , 62.  3 4 3 6 ,  
69.  9.3 6A,  7. 3 9 5 6 ,  5.  9 3A 4,  3.  A3 5A 7, 24 ,  3* A,  2 3 ,  24.  P, 62.  31 64,
62.  2 5 1 2 ,  4 . 7 5 3 6 , 6 . 3 7 4 2 ,  3.  7 49-9, 9 5 , 3 . 5 7 , 1 9,  25 ,  62.  3 3 33 ,
6 9 . 2 4 4 , 6 . 9 2 0 9 , 6 . 3 3 5 6 , 3 . 7 5 7 5 , 2 6 , 9 . A 9 , 1 9 , 2 9 . 5 , 6 2 . 3 3 3 3 ,
5 93 OATA 62.  2 3 6A,  6 . 9 2 0 q , 5 . 9 3 3 7 , 3 . A 1 5 3 , 2  7 , 3.  7 7,  17.  5 , 2 2 . 5 , 6 2 . 349 ,
63 3 OATA 6 2 . 9 A , 7. I A5 4 ,  6.  3 4 24.  3 .  7532 ,  2 A , 3 • 65 ,  1 5 . 9 , 2 1 .  5 , 6 2 . 3 7 ,
6 2 . 9 9 4 4 , 7 . 5 6 4 7 , 6 . 5 1 4 3 , 3 . 7 6 2 7 , 2 9  , 3 . 6 7 , 1 1 , 1 6 . 5 , 6 2 . 4 1 2 9 ,
62.  3 5 A , A.  5 4 3 1 ,  7. 3 7 M , 3 .  7 7 7 1 ,  33 ,  3.  57 ,  1 1 , 1 7,  62.  4 1 2A,  X12
62.  3 5 6 2 , A. 5 431 , 7.  9 7 64 ,  3 .  7 A 4 A , 3 1 , 3 .  1 A,  1 1 , 1 7 , 6  2. 4 1 2A,
350 OATA 
363 OATA 
373 OATA 
375 JATA
393 DATA 
433 OATA
4 1 3
440 OATA 
453 OATA 
463 OATA 
470 OATA 
4A3 OATA 
490 OATA 
530 OATA 
513 OATA 
520 OATA 
5 30 
543 OATA 
550 
563 OATA 
573 OATA 
5 A3 OATA
610 OATA 
623 OATA 
633 DATA
GRAD 2  1 2 : 0 9  G E I S  A 3 1 / 0 3 / 7 0
COLD WALLS  
V
F 5  
1
99' .  A R P 6
T E 0 P  F I , + 2 ,  T J 
FI  
FA 
7 0 .  1 
9 A* 5 7 5 A
FR AT P R O B E S  
F 2  
F 7 
7 7 .  9 9  7 
I 0 0 .  1 9 3
P O S I T l O W S  
F 3  
FR
R 3* 6 5 1 4  
1 0 3 . 5 9
F 4  
R R . 4 2 7 4
P
R 0 . 7 4 4 9
6 3 . 4 3 5 9  
R 3 . 7 0 0 7
6 9 .  31 7 9  
R 6 .  4 3 0 5
7 3 .  7 R 2 6  
RR.  9 R 2 2
7 7 .  4R 5R
3
9 0 .  7 7 Al
6  6* 1 4 0  6  
9 4 . 9 0 7 5
7 4 . 6 5 4 1  
9 R . 7 0 3
R 0 •  9  7 5 3  
1 0 2 .  2 3 1
R 6 .  1 9 R 9
4
7 0 . 3 4 1 3
5 7 .  2 5  
7 2 . 5 9 4 4
6 ! •  6 2 R  4  
7 4 .  6 7 7 1
6 5 . 0 3 5 4  
7 6 . 6 2 6 2
6 7 . R S 7 9
5
R 9  .  0  7 7 9
61 . 4 0 5R 
R 5 .  5 6 R 9
A R . 4 R 4 6  
RR.  7R I R
7 3 . RI  2 2  
9 1 .  7 7 4 5
7 R . 2 1 5 7
6
7 1 . 9 4 1 7
3 5 . 4 R R 5  
7 4 . 7 5 1
6 0 . 9 R 3  
7 7 . 3 3 7 9
6 5 . 2 R 5 4  
7 9 . 7 4 9 9
6 R . R 3 3 1
7
7 3 . 6 0 R 4
5 5 . 4 2 3 6  
7 6 . 6 9 R 4
6 1 • 5 2 1 5  
7 9 . 5 3 9 R
6 6 . 2 7 2 1  
R 2 «  1 R 5 3
7 0 .  1 R 4  6
R
7 5 . 5 9 1 R
5 5 . 5 0 5 R  
7 R • 9 5 7 3
6 2 . 4 7 5 6  
R 2  • 0  5 3  5
6 7 . 6 1 R 2  
R 4 .  9 3 6 5
7 1 . R 6 6 9
9
7 0 . 3 1 3 4
5 2 . 9 0 9 9  
7 3 . 2 5 9 6
5R • R 2 4 4  
.7 5  • 9 7 1 R
6 3 .  3 3  2R 
7R .  4 9  9 4
6 7 . 0 5 3
I 0
7 7 . 4 5 3
5 6* 5 4 4 7 
R 0 .  9 7 5 7
6 3 . 6 3 9 5  
R 4 •  2 0 9 6
6 9 . 0 7 PR 
R 7 .  2 1  5
7 3 *  5 4 4 4
1 1
R 3 •  2 7 0 R
6 2 . 6 5 4 2  
R 6 .  7 4 2 2
6 9 . R 2 R 5 
R 9 .  9 4 3 2
7 5 . 0 R 1 2  
9 2 . 9 2 9 5
7 9 .  4 3 R  A
1 2
7 9 . 9  A4 7
6 0 .  5 6 R  3 
’ R 3 .  2 6 9  4
A 7 .  0 4 4 9  
R 6 * 3 0 R 3
7 2 . 1 2 0 R  
R 9 .  1 3 7 5
7 6 . 3 0 3 5
1 3
. R 7 .  0 4 3 R
6 7 . R 7 9  2 
9 0 . 3 4 1 9
7 4 . 1 R 2 1 
9 3 . 3 7 R 2
7 9 .  2 2 9  R 
9  6 .  2 0 R 4
R 3« 3  9 4 3
1 A
9 3 .  P 4 5  4
A R . 7 4 9 3  
9 3 . 9 1 7 5
7 5 . 9 1 3 7  
9 7 . 2 9 5 1
R 1 • 5 3 R I  
I 0 0 •  4 4
R 6 .  1 7 9  4
1 5
• * 3 . 1 0 6 6
71 . 4 5 7  A 
. . 3 2 . 1 6 1
7 7 . 2 A 3  1
. . .. . ? 9 7 9 7
R I . R 9 R 6  
9 7 .  61 3
8 5 . 7 3 5 2
1 A
9 0 . 7 1 3 4
7 2 . 5 R 2 1  
9 3 . R 5 0 5
7 R . 5 4 9 2  
9 6 . 7 4 5 1
R 3 • 3 I 
9 9 . 4 4 9 1
R 7 .  2  5 0  6
1 7
9 3 . 1 0 3 5
7 5 . 1 R 9 9  
9 6 . 2  1 2 2
R 1 . 0 6 6 R  
9 9 . 0 R 2 5
R 5 .  7 7 4 4  
1 0 1 . 7 6 5
R 9 .  6  7 4 2
1R
9 3 .  4  A 1 R
7 5 . 0 5 6  
9 6 . 6 4 2 R
R 1 . 1 R 2  6  
9 9 . 5 R 2 4
R 5 .  9 7 6 7  
1 0 2 . 3 3 2
R 9 .  9 5  6 6
1 9
9 1 . 9 9 5 5
7 3 . 6 7 4 7  
9 5 . 1 5 R 2
7 9 . 6 7 4 2  
9 R . 0 R 5
R 4 .  4 9 4 3  
! 0 0 . RI  9  '
R R . 4R 2  3
2 0
9 0 . 5 4 R 3
7 5 . 5 9 1 9  
9 3 . 1 6 6
R 0 . 4 5 3 4  
9 5 . 5 R R 2
R 4 .  3 9  5 2  
9 7 .  R 5 7 2
R 7 .  6 6 6 3
21
9 5 . 5 4 2 7
7 6 . R 2 7 7  
9  R . 7 9 7 4
R2 *  R 9 4 6  
1 0 1 . 7 9 9
R 7 . R 5 0  6 
1 0 4 . 6
9 1 . 9 4 6 9
2 2
9 1 . 0 7  IR
. 7 4 . 5 4 7 1  
9 3 *  9  4 R 2
7 9 . 9 4 7 4  
9 6 . 6 0 5 R
R 4 .  2 9 6 5  
9 9 . 0 9 1 6
1 1 3
23
9=?. 2 7 6 2  *
2 4
9 J . 2 7 1
*
25
9 6 .  1 5717
2 6
9 4 . 9 3 4 6  
2 7
9 9 . 6 1 5 3  
29
9 0 . 9 5 5 2
29
9 1 . 3 3 5 5
30 ' 
9 3 . 4 3 7 7
31
9 1 . 3 4 7
32
R |  .  4 R  4 9
33
7 9 . 0 9 3 6
34
7 9 . 0 4 5
35
7  4 .  7 0 9  1
36
94*9146
39
9 6.  59 47
7 5 . 4 0 9  
1 0 2 . 1 9 9
7 5 . 9 3 5 7  
93*955
7 6 .  31 4
9 9 . 5 9 5 6
7 5 . 3 9 4 5  
9 9 . 1 9 2 4
7 2 . 3 7 9 4  
9 2 . 6 0 9 4
7 0 .  39 4 i 
9 4 . 4 9 0 2
6 1 . 7 1 0 4
9 4 .  6 9 5 5
6 2 . 3 6 2 7  
9 7 . 0 2 0 9
6 1 . 3 9 9 9  
9 4 .  7337
6 1 . 9 5 5 !  
9 4 . 9 0 0 5
6 0 .  5 I 99 
9 1 . 0 9 9
5 9 . 3 0 5 9  
9 2 . 3 9 3 1
5 4 . 5 9 0 9  
7 9 . 1 0 6 9
7 5 .  49 79 
9 9 . 1 6 9 9
7 1 , 2 7 9 Q 
9 9 . 2 6 1 1
9 3 . 0 7 2 4  
1 0 5 . 7 9 9
9 0 . 9 9 2
9 6 .  4 3 5 7
9 2 . 9 0 0 4  
1 02_. 752
9 1 . 9 1 1 4
1 0 1 . 2 7 5
7 7.  9 9 0 4  
9 5 . 3 7 1 7
7 7 . 1 5 6 7  
9 7 . 7 4 2 7
6 9 . 2 2 9 7  
9 7.  7 6 5 3
6 9 . 3 9 6 7  
9 0 . 3 1 1 9
6 9 . 1 3 9 9
9 7 .  9 4 9 9
6 9 . 5 9 3  
9 7.  9541
6 6 . 3 7 4 2  
9 3* 9 5  71
6 6 . 0 3 6 3  
9 5 . 4 5 3 2
61.  3651 
9 1 . 2 2 4 7
9 1 . 7 3 7 7
1 0 1 . 2 6
7 6.  * 2 7 ? 2
9 1 . 7 2 5
9 9 . 0 2 5 4  
1 0 9 . 1 4 6
9 4 .  9 5 0 3  
9 R. 7571
99  • 0 3 0 7
1 0 5 . 7 3 6
9 6 .  9 5 6  
1 0 4 .  1 66
9 2 . 5 4 3 9  
9 7 . 9 5 2
9 2 .  5 7 3 6  
1 0 0 . 7 7 2
7 3 . 3 9 0 2  
9 0 . 6 3 1 9
74 .  9 19 4 
9 3 * 3 7 2
73*3212 
9 0 . 7 5 2 4
7 3 . 6 3 9  
9 0 .  700  6
70 .  9 6 79 
9 6* 4 3 9 6
7 1.  1 379  
9 9 . 3 1 7
6 6.  619  
9 4 .  1219
9 6.  9 69 1
10 4.  1 42
9 0 . 3133 
9 4.  0 30 1
9 3 . 9 5 1 7  
9 9 . 3 1 2 6  
9 2 . 3 5 4 9  
9 1 . 1 4 5 1  
9 6.  3 0 9 9  
9 7.  041 4 
7 7 . 6 2 3 1  
7 9 . 4 6 3 6  
7 7.  599  4 
7 7 . 9 1 9 2  
7 4.  7 59 4 
7 5 - 3 5 1 2  
70 . 9 3 7 5  
9 1 . 1 0 3 2
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DF.R BM 1 8 ; 3 0  • G2 6 5  A 0 3 / 1 1 / 7 1
10 PRI NT " 0 .  0 5 " #  ” 0 .  1 5"# " 0 .  25 " #  " 0 .  35 " #  ” 0 .  4 5 ” . , 
15- PRIN T *' 0.  5 5 " #  ” 0 .  65"# " 0 .  75 " #  " 0 .  8 5 " #  " 0 .  9 5 "  
20 FOR 1=0 TO 10
30 READ VC I ) wY '•
40 NEXT I 
50 FOR 1=0 TO 9 
60 LET J=.I + 1 
70 LET A = V C I )
80 LET B= VC J )
90 LET C= C B - A ) *  120 
100 PRI NT C#
110 NEXT I 
120 GO TO 20
TAPE
READY.
220  DATA 570 .  893# 5 48.  78 7# 5 2 5 .  68 1 # 5 0 1 . 4 8 2 #  47 6 . 25® 4 5 0 . 0  55*  422 .  60 4# 
222 DATA 3 9 3 . 4 7 1 # 3 6 2 . 2 8 1 # 3 2 8 * 4 2 7 # 2 8 9 . 6 0 6 #
2 2 4  DATA 5 72.  18 1# 550 .  503# 5 2 7 . 8  0 7# 50 4 .  198# 479 .  669# 4 5 3 .  992# 426 .  9 42# 
226  DATA 3 9 8 . 2 3 6 # 3 6 7 . 4 2 8 # 3 3 3 . 3 2 6 # 2 9 3 . 2 2 7 #
228 DATA 5 7 8 # - .  384# 556 .  1 43# 533*  1 02# 5 09 .  206# 4 8 4 .  351# 458 .  469# 431 . 27# 
230 DATA 4 0 2 . 335#371«  3 4 2 # 3 3 7 . 8 0 2 # 2 9 8 «  446#
2 32  DATA 579 .  743# 5 5 8 . 2 6 7 #  5 3 5 .  987# 5 1 2 . 8 3 2 #  488 .  724# 463 .  525# 436*  895# 
234 DATA 4 0 8 . 1 3 4 # 3 7 6 . 5 8 1 # 3 4 1 . 8 1 # 3 0 2 . 3 7 #
2 36  DATA 5 8 0 . 2 7 3 # 5 5 9 . 0 7 4 # 5 3 7 . 0 3 # 5 1 4 . 0 3 5 # 4 8 9 . 9 6 4 # 4 6 4 . 6 5 3 # 4 3 7 . 7 7 5 #  
238 DATA 4 0 8 . 9 7 3 # 3 7 8 . 0 0 3 # 3 4 4 . 1 9 3 # 3 0 5 . 6 7 3 #
240 DATA 588 .  015# 5 66.  1 1 9# 5 43 .  088# 5 1 8 . 9 7 1 #  49 3 .  608# 4 66.  79 4# 4 3 8 .  1 1 6# 
242 DATA 4 0 7 . 0 1 9 # 3 7 2 . 8 6 # 3 3 4 . 6 4 2 # 2 8 9 . 9 6 8 #
244 DATA 5 92 .  599# 570 .  472# 5 47 .  18# 5 22 .  736# 4 9 6 .  96# 4 6 9 .  622# 440 .  46#
2 46  DATA 4 0 9 . 1 1 4 # 3 7 5 . 0 1 7 # 3 3 7 . 3 0 1 # 2 9 3 . 8 7 6 #
248 DATA 595 .  01 4# 573 .  48 3# 5 5 0 . 8 9 #  52 7.  1 43# 5 0 2 . 0 7 1 #  4 75 .  439# 44 6.  907# 
250 DATA 4 1 6 . 0 0 5 # 3 8 2 . 0 8 1 # 3 4 4 . 0 8 9 # 2 9 9 . 4 6 9 #
2 52  DATA 592 .  093# 5 70.  9 79# 5 4 8 . 8  5# 5 25 .  5 79# 5 0 0 .  981# 4 7 4 . 8 1 9 #  44 6.  7 9 5# 
254  DATA 4 1 6 . 4 9 9 # 3 8 3 . 3 0 9 # 3 4 6 . 2 5 5 # 3 0 3 . 6 6 7 #
256 DATA 593 .  195# 5 71 .  395# 5 48 .  529# 52 4.  45# 4 98 .  96# 4 71 .  792# 442 .  58 9#
258 DATA 4 1 0 . 8 4 6 # 3 7 5 . 8 1 # 3 3 6 . 2 5 8 # 3 0 7 . 1 9 6 #
KEY
READY.
RUN
DER BM 1 8 : 3 5  G265 A 0 3 / 1 1 / 7 1  -
0 . 0 5 0.  1 5 0 .  25 0 .  35 0 .  45
0 .  55 0 .  65 0 .  75 0 . 8 5  ■ 0.  95
- 2 6 5 2 . 7 2 - 2 7 7 2 . 7 2 - 2 9 0 3 . 8 8 - 3 0 2 7 . 8 4 - 3 1 4 3 . 4
- 3 2 9 4 . 1 2 - 3 4 9 5 . 9 6 - 3 7 4 2 . 8 - 4 0 6 2 . 4 8 - 4 6 5 8 . 5 2
- 2 6 0 1 . 3 6 - 2 7 2 3 . 5 2 - 2 8 3 3 . 0 8 - 2 9 4 3 . 4 8 - 3 0 8 1 • 2 4
- 3 2 4 6 . - 3 4 4 4 . 7 2 ' - 3 6 9 6 . 9 6 - 4 0 9 2 . 2 4 - 4 8  1 1 . 88
- 2 6 6 8 .  92 - 2 7 6 4 . 9 2 - 2 8 6 7 . 5 2 - 2 9 8 2 . 6 - 3 1 0 5 . 8 4
- 3 2 6 3 . 8 8 - 3 4 7 2 . 2 - 3 7 1 9 . 1 6 - 4 0 2 4 .  8 -  4 7 22 .  72
- 2 5 7 7 . 1 2 - 2 6 7 3 . 6 - 2 7 7 8 . 6 - 2 8 9 2 . 9 6 - 3 0 2 3 . 8 8
- 3 1 9 5 . 6 - 3 4 5 1 . 3 2 - 3 7 8 6 .  36 - 4 1 7 2 . 5 2 - 4 7 3 2 . 8
- 2 5 4 3 . 8 8 - 2 6 4 5 . 2 8 - 2 7 5 9 . 4 - 2 8 8 8 . 5 2 - 3 0 3 7 . 3 2
- 3 2 2 5 . 3 6 - 3 4 5 6 . 2 4 - 3 7 1 6 . 4 - 4 0 5 7 . 2 - 4 6 2 2 . 4
- 2 6 2 7 . 5 2 - 2 7 6 3 . 7 2 - 2 8 9 4 . 0 4 - 3 0 4 3 . 5 6 - 3 2 1 7 . 6 8
- 3 4 4 1 . 3 6 - 3 7 3 1 . 6 4 -  4 0 9 9 . 0 8 - 4 5 8 6 .  1 6 -  5 3 6 0 . 8 8
- 2 6 5 5 . 2 4 - 2 7 9 5 . 0 4 - 2 9 3 3 . 2 8 - 3 0 9 3 . 1 2 • - 3 2 8 0 . 5 6
- 3 4 9 9 • 4 4 - 3 7 6 1 . 5 2 -  4 0 9 1 .  64 - 4 5 2 5 . 9 2 - 5 2 1 1 .
- 2 5 8 3 . 7 2 - 2 7 1 1 . 1 6 - 2 8 4 9 . 6 4 - 3 0 0 8 . 6 4 - 3 1 9 5 * 8 4
- 3 4 2 3 . 8 4 - 3 7 0 8 . 2 4 - 4 0 7 0 . 8 8 - 4 5 5 9 . 0 4 - 5 3 5 4 . 4
- 2 5 3 3 *  68 - 2 6 5 5 . 4 8 - 2 7 9 2 . 5 2 - 2 9 5 1 . 7 6 - 3 1 3 9 . 4 4
- 3 3 6 2 . 8 8 - 3 6 3 5 . 5 2 - 3 9 8 2 . 8 -  4 4 4 6 .  48 - 5 1 1 0 . 5 6
Ck0>-
In derivation of ( % )  the temperatures (T) were related1 m
to concentration(XTT ,Xor. ,XM )H e’
In our notation: (X^jX ^ jX^)
dTTherefore, in the expressions for slope -—  ofdx
curve (for the mixture at x) the concentration
were included as parameters.
These expressions could be equated to the 
5 Tvalues for slope ——  obtained by the first methdx
actual curve).
This was, in fact, the first correlation o 
and concentrations and it was based mainly on 
calculations ( 7 ! ) .
7.3(a) Heat flux (q “ const.) through the element of volume 
( x-l) X_______________________________________________
The partial volumes (X^X^X^) are considered as layers 
normal to the temperature gradient.
Then, with the heat flux along (xx) assumed q “const., the 
(Grad T) in position (x), in the mixture was considered as aX
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the temperature 
s (X1 ,X2 ,X3)
corresponding 
od (from the
f temperatures 
conductivi ty
Therefore:
ko • „n  
km ” ------ T
To
k0m  our notation: ---
or for component (1): (^ ,^) = (^ c0 )^*Tn ^
for mixture (m) : (k ) = (lc ) TI  o •m m
drop of temperature (AT) on an element of volume (5x)*i.
X
t J 6 f . X s The element is considered in (3) layers repre-
T ^ s e n t e d  by mole fractions (X^,X 2 »Xg).
J ) .
h
Also mole fractions are represented by sub­
layers (1, 2 , 3 , 4 * • . ) .
The drop of temperature on a pure component gas
(1 ) in the element is:
( A T ) X = ( ^ T ) - X 1
w h e r e : ( S t ) ,  i s  c h a r a c t e r i s t i c  t o  s p e c i e  ( 1 )
X^ is mole fraction (or number of sub-layers)
a l s o  X , + X 0 + X0 = 1 1 2  3
Then, (Grad T) in pure component in the element:
A - ' l  6 s ' 5  -  f f  
V  / /  - X ,  ( T x J - x ,
then, the temperature drop: 
on (1 ): £ r ) ,
on ( 2 ) :  £  t ) M F t) 3l -x 2
on ( 3 ) :  £  r j 3M V s  x ,  - N  F c
the total, drop
on element
then (Grad T) in position (x): 
( i n  Ok /H/x/ f rpeJ
- - " C D
It means that under ideal conditions the gradient of
1 1 7
temperature in the mixture (T )m is equal to linear combina­
tion of gradients in pure components and of their concentra­
tions (xxx 2 x 3).
This iSj provided that gradients in pure components are 
taken at the temperature of the mixture (Tm) and that the
same heat flux (q ) is passing through them as through thex
mixture.
This has been checked by calculations and in programme 
(SIMA), where the ratio »
(T )ra (actual)S(G) = /J > \ — ;— ^  -— - = is given(T)m(calculated)
in the output.
Comparing the values in the programme (like 170 and 214 
also S(G) marked on the output) the ratios S(G) were not quite 
equal to one, but at that time the writer was not sure, if the
heat flux calculated from water rat.es, was correct.
However, this gave the writer some encouragement to derive
i
and to check more relations that include T, T and concentra­
tions .
The writer spend "some time" deriving and checking the 
relations on the computer.
The following is a summary of derivations of some of the
problems and of some theoretical justifications.
After long preliminary trials the work was reduced to the 
following groups of problems:
(1) To derive the relations that include concentrations^ 
to express (Tm) or (Tm ) at (x) in the gap.
(2) To check how closely they compare with measured 
values of (Tm) or T m 1).
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NEW FILE NAME--SIM A 
READY.
TAPE
READY.
2 FOR Y =1 JO 4 
4 READ K(Y)ftNCY)
6 NEXT Y 
10 READ N 7 
READ PftNB 
IF P=44  THEN 10 
FOR G=0 TO 10 
FOR Y =1 TO .A 
READ XCGyY)
55 NEXT Y 
60 NEXT G
FOR G=10 TO 0 STEP -1  
READ TCG)
NEXT G
FOR G= 1 0 TO . 0 STEP -  1 
READ WC G)
G
110 FOR G=10 TO 0 STEP -1  
120 FOR Y =1 TO 4 
122  LET R( G>Y) =KCY) *T( G) t NCY)  
125 LET DCGftY)=-N8/RCG>Y)
I A0 NEXT Y 
150 NEXT G 
152 FOR G= 1 0 
1 54 LET 
LET 
LET 
LET 
LET
30
35
40
45
50
62  
64  
70 
72  
74  
76  NEXT 
TO 0 STEP -1 
AC G)=XC G,  1 >*UC Gj 1 )*RC G> 1 ) ’
BCG)=XCG.»2>*DCG>2)*RCGft2)
CC G)=XC G* 3 ) * DC Gj 3>*RC Gj 3 
OCG)=XC6 * 4 ) * DCG, 4 ) * RC G> 4)
VCG)=ACG)+BCG)+CCG)+OCG>
FC G)=XC Gft 1 ) *DC G* 1 ) +XC Gft 2)*DC 6# 2 ) +XC Gft 3>*DC Gft 3 ) +XC Gft 4 ) *UC Gft 4> 
LET M C G) = N 8 /  V C G )
LET HCG)=WCG)/VCG)
LET SCG)=WCG)/ FCG)
1 72 NEXT G
175 LET M = CMC 10)+MC 9)+MC8)+MC 7)+MC 6)+MC 5)+MC 4)+MC 3>+MC2)+MC 1 )+MC0 ) ) / 1  1 
LET S = C S C 1 0 ) + S C 9 > + S C 8 ) + S C 7 ) + S C 6 > + S C 5 ) + S C 4 ) + S C 3 ) + S C 2 ) + S C  1 ) +SC 0 ) ) / 1  1 
LET H = CHC 1 0 ) +HC 9 ) +HC8) +HC7 ) +HC 6 ) +HC 5 ) +HC 4)+HC 3 )+HC 2 ) +HC 1 ) +HC 0 ) ) / I 1 
PRINT N 7 j P * M.» S ft H
1 56  
1 58 
1 60 
1 62 
164 LET 
1 66 
1 68 
1 70
1 77
1 79
.182
184
188
200
202
2 0 4
2 0 6
208
210
2 12 
21 4 
220 
8 00
P R IN T 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
GO TO 
END
FC 1 0) , FC 9 ) y FC 8 )  ft FC 7)  , FC 6)  , FC 5 ) , FC 4)  ft FC 3> ft FC 2 )  ft FC 1 ) , FC 0) 
VC 1 0)  ,  VC 9)ft VC 8 )ft VC 7 ) ft VC 6)  ft VC 5)ft VC 4)  ft VC 3 )ft VC 2)f t  VC 1 ) , VC 0)
M C 1 0 ) ft M C 9 ) ft M C 8 ) ft M C 7 ) ft M C 6 ) ft M C 5 ) ft M C 4)  ft M C 3 ) ft M C 2 ) ft M C 1 ) ft M C 0 ) 
HC10) f tHC9)f tHC8)f tHC7)f tHC6)f tHC5)f tHC4)f tHC3)f tHC2)f tHCl ) f tHC0)f t
SC10) f t SC9) f t SC8) f t SC7) f t SC6) f t SC5) f t SC4) f t SC3) f t SC2) f t SCl ) f t SCG)
3 0
KEY 
READY■
RUN
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SI M A
-29
2 0 :  4 2  G2 6 5  A 3 0 / 1 1 / 7 1
- 1 1 . 0 5 4 6 9
120
2 3 . 0 8 3
■5517 . 38  
■3090.  08 
• 2 3 8 2 - 7 9
•441 6.  6 
• 2 9 4 0 . 6 8
- 3 9 2 9 . 6 2  
- 2 8 0 6 . 2
■3581 . 9  
• 2 6 4 9 . 7 8
3 3 0 8 . 3 5  
2 5 0 9 . 0 3
1 5 3 . 5 2 3
1 5 3 . 5 2 3
1 5 3 . 5 2 3
1 •
1.
1.
1 5 3 . 5 2 3
1 5 3 . 5 2 3
-  1 5 3 . 5 2 3
-  153.  523
1 5 3 . 5 2 3  
1 5 3 - 5 2 3
“ 1
1 5 3 . 5 2 3  
I 53 .  523
3 5 . 1 3 2 1  
2 2 - 1 9 5 6  
1 7 . 9 8 2 8  
. 9 7 7 5 6 3  
1 . 1 0 2 7 3  
1 . 1 5 8 6 3  
29
2 9 . 4 2 1 5  
2 1 . 3 6 3 2
1 - 0227 
1 . 1 1 5 3
2 6 . 8 7 2 1  
2 0 . 5 9 4 1
1 . 0 4 9 8 5  
1 . 1 2 6 6 7
- 1
2 4 . 9 9 3  
1 9 . 6 4 5 6
1.07122 
1 . 1 3 8 2 3
1 . 0 9 0 1 9
2 3 . 4 5 0 8  
1 2 . 2 6 2 5
1 . 0 8 8  3 C W  
. 7 5 0 3 2 1 * " /
2 5 . 0 1 0 6
■ 5 8 9 4 . 9 4  
• 3 1 2 6 . 3 1  
• 2 4 0 5 . 7 8
4 6 4 6 . 4 2  
• 2 9 4 6 . 7 2
■ 3 9 9 9 . 0 5  
■ 2791 . 97
■ 3 6 2 2 . 3 7  
■2681• 28
• 3 3 4 9 . 9 7  
• 2 5 3 5 . 9
1 4pj. 49b 
14R.495 
1 4 8 . 4 9 5
1 4 8 . 4 9 5  
1 4 8 - 4 9 5
1 4 8 . 4 9 5
1 4 8 . 4 9 5
148.495
148.495
1 4 8 . 4 9 5
148.495
•1 
■ 1 .
•1.
3 8 .  861 9' 
2 3 - 2 1 4 3  
1 8 . 7 1 3 6  
. 978941
1 . 1 0 2 6 5  
1*15  5 08 
29
• 5 0 7 3 . 8 7  
• 2 6 9 6 . 0 2  
■2100.61
3 1 . 9 5 5 8  
2 2 . 1 3 4 1
1 . 0 2 1 2 8  
1 . 1 1 5 4 1
• 3 8 9 3 . 3 2  
■2554.4
28*  2718 
2 1 . 1 8 4 8
1 . 0 4 9 8 1  
1 . 1 2 6 7 5
“ 1 . 0 0 0 0 3
- 3 4 8 1 • 7 9  
- 2 4 2 0 . 4 3
2 6 . 1 3 7 8  
2 0 . 5119
1 . 0  7 I 49 
1 . 13 6
1 . 0 9 4 2 9
• 3 1 6 5 . 5 9  
■ 2 3 0 3 . 3 7
2 4 . 5 5 9 1  
19-5714
2 8 . 2 7 0 4
■ 2 9 0 8 . 9  
■2199.94
1 1 3 . 6 2 9
1 1 3 . 6 2 9  
1 13.  62.9
1 1 3 . 6 2 9
1 1 3 . 6 2 9
1 1 3 . 5 9 5  
1 1 3 . 6 2 9
1 1 3 . 6 2 9
1 1 3 . 6 2 9
1 1 3 . 6 2 9
1 1 3 . 6 2 9
- 1 
* 1. - 1
1 . 0 0 0 3  
1 .
- 1
- 1
4 3 . 4 9 6 1  
2 6 . 2 5 3 1  
2 1 . 7 2 1 2  
. 9 7 4 0 9 3  
1 . 1 0 6 4 9  
1 . 1 7 4 9 7  
29
3 4 . 7 7 1 2  
2 5 . 2 1 9 3
1 . 0 1 4 8 2  
1 . 12185
1 1
3 1 . 9 3 9 9  
2 4 . 2 0 9 4
1 . 0 4 2 0 5  
1 . 13653
- 1
2 9 . 7 0 4 8  
2 3 . 3 1 2 9
1 . 0 6 6 2 6  
1 . 1 500 6
1 . 0 7 4 2 2
2 7 . 8 3 7 6  
2 2 . 5 0 9 1
1 • 0 8  74 1 
1 . 16262
3 3 . 4 7 9 9
■5720 . 55  
■3060.21 
■ 2 3 72 . 24
■4737.61 
2 8 7 8 . 3 6
■4166 . 8  
■ 2734* 83
3 6 9 8 . 3 9  
■ 2599 . 28
3 3 0 6 . 1 7  
■2 48 4.
1 0 8 . 3 7 9
1 0 8 . 3 7 9
1 0 8 . 3 7 9
1 0 8 . 3 7 9
1 0 8 . 3 7 9
1 0 8 . 3 7 9
1 08' .  3 79 
1 0 8 . 3 7 9
1 0 8 . 3 7 9
1 0 8 . 3 7 9
I f  t h e r e  a r e  m o r e  t h a n  o n e  r e l a t i o n s  e x p r e s s i n g  (Tm) o r  
T m * ) ,  how c l o s e l y  t h e y  c o m p a r e  w i t h  e a c h  o t h e r .
( T h i s  w o r k  wa s  d o n e  on  t h e  c o m p u t e r ) .
( 3 )  I f  t h e r e  a r e  m o r e  t h a n . t w o  r e l a t i o n s . ( c o m p a r i n g
w e l l  u n d e r  2 ) , u s e  t h e m  a s  s i m u l t a n e o u s  e q u a t i o n s  
t o  c a l c u l a t e  c o n c e n t r a t i o n s  ( X^ X^ X^)  f r o m  t e m p e r a ­
t u r e  d i s t r i b u t i o n .
7 . 3 . 1 .  E x p r e s s i n g  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  a s  a 
f u n c t i o n  o f  c o n c e n t r a t i o n  d i s t r i b u t i o n
I n  t h e  p r e l i m i n a r y  w o r k  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  wa s  
e x p r e s s e d  a s  a f u n c t i o n  o f  c o n c e n t r a t i o n s  b y  t h e  f o l l o w i n g  
m e t h o d s :
a )  C o n s i d e r i n g  c o n d u c t i o n  a n d  c o n v e c t i o n  i n  h e a t  
t r a n s f e r  a n d  u s i n g  e x p r e s s i o n s  f o r  p h y s i c a l  p r o ­
p e r t i e s  f r o m  ( A p p e n d i x  3)  a n d  a l s o  u s i n g  t h e  h e a t  
t r a n s f e r  r e l a t i o n s  w i t h  ( Nu ,  P r  on  G r )  g r o u p s .
(Programme "GRAD")
b )  C o n s i d e r i n g  c o n d u c t i v i t y  o n l y  a n d  u s i n g  t h e  e x p r e s s i o n s  
f o r  p h y s i c a l  p r o p e r t i e s  f r o m  ( A p p e n d i x  3)  f o r  p u r e  
c o m p o n e n t s  a n d  f o r  m i x t u r e s .  ( P r o g r a m m e  "MCON")
c )  C o n s i d e r i n g  c o n d u c t i v i t y  o n l y  a n d  u s i n g  t h e  e x p r e s s i o n s  
f o r  p h y s i c a l  p r o p e r t i e s  f r o m  ( A p p e n d i x  3)  f o r  p u r e  
c o m p o n e n t s ,  a n d  a l s o  t h e  d e r i v a t i o n s  o f  W a s s i l j e w a ,  
L i n d s a y ,  B r o m l e y  ( 2 7 ) ,  t o  c a l c u l a t e  t h e  h e a t  c o n d u c t i ­
v i t y  f o r  m i x t u r e s .
(Programme MCWLB)
7 . 3 . ( a )  C o n d u c t i v i t y  a n d  C o n v e c t i o n  (GRAD)
The  e q u a t i o n  ( 1 )  d e r i v e d  i n  ( A p p e n d i x  6)  f o r  t h e  b a l a n c e  
o f  h e a t  i n  t h e  g a p  i s :
( H e a t  a b s o r b e d  b y  w a t e r ) - ( h e a t  o f  r a d i a t i o n ) = ( h e a t  p a s s e d
b y  t h e  g a s  
m i x t u r e )
o r
3600|-(TB-TT)i.p-a(TH 4-Tc 4 ) = D* (TH-ic ) 1 ' 2* <TH+TC)N5 
H
o r  N8 = N6 ( i n  c o m p u t e r  p r o g r a m m e s )
w h e r e :  p = 0 . 6 9 3 3 1 3  i s  a  c o r r e c t i o n  f a c t o r  t o  e l i m i n a t e
t h e  h e a t  t r a n s f e r r e d  b y  t h e  m a n i f o l d s .
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4and
(This was calculated on the basis of 
temperature measurements of the 
-cold and hot walls.)
— 8a = 0.8334x10 derived in (Appendix 6 )
-T_ -n+3m-3N5 «
m = 0.547XU '+1.33X__ + 0.83X__ +0.87Xn
2 2 2
n =  0.685X„ +0.935X„„ +0.756X„ +0.814X.
* He 2 2 2
(the resultant molecular weight)
To use the equation (1) for determinition of temperature 
distribution the conditions were specified as follows:
1. The heat absorbed by water is constant for the
experiment - because (T -T ) is constant.
42. The heat of radiation is a function of (T^ ) only -
because (T ) is constant (given for the experiment).
3. D is a function of the average gas concentrations
of components ( x H e » x C 0  »XN » x 0  ) A /c the SaP •
4. N5 is also a function of the average concentrations
A/C the gap.
5. The two factors: (T-T_,) and (T^ + T-) are functions
r l  L  r i
of (T ) only because the gap (2w) is constant and 
(T^ ,) is constant.
a) The flux of heat (N8 “N 6 ) is constant
through each parallel plane in the gap.
Therefore,starting at the cold wall and moving the parallel 
plane (up) the temperature gradient (towards the 
hot wall) the gap between the cold wall and the 
plane will be increasing. If the flux of heat is 
maintained constant (N8 =N 6 ) through this increasing 
gap then the temperature of the parallel plane
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(which is considered (T ) in relation to the coldfci
wall) will vary with its distance (2 w~x) from the 
cold wall.
b) Also, starting at the hot wall and moving down the 
gradient (maintaining N 8 =N 6 ) ,(Tq) which is now the 
temperature of the parallel plane will be again 
variable according to its distance from the hot 
wall(x).
The method(5a) and (5b) have been used with equation (1) in 
programme: (GRAD) to determine:
1. Temperature of the hot wall (T^)
2. Temperature of the gas at each point in the gap
(Tm=f(x)).
3. The average concentrations:
X„ ,X-,_ ,XM , X in the gap at probes* heights in the
H e  C 0 2 N 2 0 2
column.
The Data given to the computer included:
1. Temperature of the cold wall (T^) at probes* positions
2. Local point values of concentration in the mixture.
(From the Analysis)
3. Equation (1): from (Appendix 6 ): N 8
Not e : Moving (Up) the gradient, the c
temperatures of the parallel pi
than the temperatures of the ga
Also, moving (Down) the gradien
tures are lower than (T ).g
Because the planes have no thic 
capacity, it is assumed that th
on the plane is the same on coo
heat i n g .
Therefore the temperatures of the gas (Tg) are 
taken as average of the two values.
The programme (GRAD) has three sub-programmes:
(Up), (Down) and (GAS).
The sub-programme (GAS) computes (Tg) from the results of 
(Up) and (Down).
It also calculates the average concentrations at probe 
levels in the column from point values A/C the gap (X^X 2 X^) 
and from the values of (Tg).
=N 6
alculated 
anes are higher 
s (Tg).
t, the tempera-
kness, no heat 
e equilibrium 
ling and on
123
TAPE 
- READY.
ir * NEW F I L E  NAME —  GRAD
READY.
1 2 4
2 PRI NT "EXP NO" , " PROBE N O " , " C O L D  WALL TEMP"  K
3 PRINT "TEMP GRAD A/ C THE GAP AT PROBES P OS I T I ON S"  ]
5 PRI NT "GAS COMP ,MOL FRACTIONS AT PROBES P OS I T I ONS"  j
6 PRI NT "UP GRAD" \
7 P R I N T " !  ( 9 ) " ,  "T< R > " ,  " T (  7 ) " ,  "T< 6 ) ” , "TC 5 > " ,  "T< 4)  " ,  " T  C 3 >**, "TC 2 ) " ,  "TC ! > "
8 PRI NT " H " , " C " , " N " , " 0 "
9 PRI NT "DOWN GRAD"
I OPRIN T"D C9 ) ” , " D ( 8 ) " , "DC 7 ) " , " D < 6 > " , "DC 5 ) " , "DC 4 ) " , "D< 3 ) " ,  " D < 2 > " , " D C  I >"
I I  PRI NT " H " , " C " , " N " , " 0 "  i
12 PRI NT "GAS TEMP" f
I 3 P R I N T " L ( 9 ) " , "LC 8 > " , " L ( 7 ) " , "LC 6 ) " , " L C  5 ) " , "LC 4 ) " , "LC 3 ) " ,  "LC 2 V , " L C  1 ) "
14 PRI NT " H " , " C " , " N " , " 0 "  |
19 READ N 7 , W » T 3 , T 4 J
20 LET N 3 = 3 6 0 0 * W * 0 . 6 9 3 3 1 3 * C T 4 - T 3 > / 5 1 . 4  f
21 READ P . £
22 I F  P=44 THEN 19
23 READ FI
24 LET F0 = C F l - 3 2 ) / l . 8 + 2 7 3 .  1
25 LET F 7 = l 3 3 * C N 3 / 3 . 8 3 3 4 + F 3 T  4 / 1 0 t  R) t 0 . 25
27 LET F 2 = F 7 - C F 7 - F 0 ) / 6
28 FOR G = 13 TO 0 STEP -1
29 FOR Y = 1 TO 4
30 READ X C G , Y )
31 NEXT Y •
32 NEXT G
33 CALL UP
34 PRI NT N 7 , P, F 0
35 PRI NT T C 9 ) , T C 8 ) , T C 7 ) , T ( 6 ) , T ( 5 ) , T C 4 ) , T C 3 ) , T C 2 ) , T C 1) , F 2
36 PRI NT H, C , N , 0
37 CALL DOWN
38 PRI NT DC 9 ) , DC 8 ) , DC 7 ) , DC 6 ) , DC 5 > , DC 4) , D C 3 ) , D C 2 ) , DC 1 ) , F8
39 PRI NT H, C»N , 0
40 FOR G= 9 TO 1 STEP -1
41 LET L C G) = CT C G) + DC G) ) / 2
42 LET L C 3 ) = C F 2 + F 8 ) / 2
43 NEXT G
50 PRI NT L C 9 ) , L C R ) , L C 7 ) , L C 6 ) , L C 5 ) , L C 4 ) , L C 3 ) , L C 2 ) , L C 1 ) , L C 0 >
55 CALL GAS
60 PRI NT H, C, N » 0
63 GO TO 21
999 END
TAPE
READY.
/ - "it d ...
D A T A  2 9 , 3 . 6 7 , 1 1 , 1 6 . 5 ,
D A T A  1 , 6 1 . 7  1 0 4 , -
D A T A  0. 6 9 , 0 .  1 6 5 , 0 .  145, 3 , 0 .  7 2 , 0 .  12 , 0 .  16, 0, 0. 7 3 , 0 .  1 1 2 9 , 0 .  1 5 7 1 , 3 ,
D A T A  3 . 7 3 5 , 3 . 1 3 3 8 , 3 . 1 6 1 2 , : - 3 , 0 . 7 4 , 0 . 3 9 5 6 , 3 - ! 6 4 4 , 3 , 0 . 7 4 5 , 0 . 0 9 3 6 ,  
D A T A  3 . 1 6 4 4 , 3 , 3 . 7 4 5 , 3 . 0 8 9 8 , 3 . 1 6 5 2 , 3 , 3 . 7 4 6 , 0 . 0 8 9 , 3 . 1 6 5 , 0 , 0 . 7 5 4 6 ,  
D A T A  0 . 0 8 8 2 , 0 .  1 5 7 2 , 0 , 0 .  7 6 3 6 , 0 . 0 8 7 4 , 3 .  1 4 9 , 0 , 3 .  7 7 2 6 , 0 . 0 8 6 5 ,  0. 1 4 0 9 , 0  
D A T A  2 , 6 8 . 2 2 8 7 ,
D A T A  0 . 6 2 , 0 . 1 7 1 , 0 . 2 0 9 , 0 , 0 . 6 7 , 0 . 1 3 3 4 , 0 . 1 9 6 6 , 0 , 0 . 7 , 0 . 1 2 4 9 , 0 . 1 7 5 1 , 0 ,  
D A T A  0. 7 1 , 0 .  1 16 6,0. 173 4 , 0 , 0 .  7 1 5 , 0 .  10 8 3 ,  0. 17 6 7 , 0 , 0 .  7 2 , 0 1 " .  1,0. 1 8 , 3  
D A T A  0 . 7 2 5 , 0 . 0 9 7 1 4 , 0 . 1 7 7 8 6 , 0 , 0 . 7 3 , 0 . 0 9 4 5 8 , 0 . 1 7 5 4 2 , 0 , 0 . 7 3 , 0 . 0 9 2 3 2 ,  
D A T A  3 . 1 7 7 6 8 , 0 , 3 . 7 4 , 0 . 0 8 9 7 6 , 0 . 1 7 0 2 4 , 0 , 0 . 7 5 , 0 . 0 8 7 2 , 0 . 1 6 2 8 , 0 ,
D A T A  7 , 7 7 . 6 2 3 1 ,
D A T A  0 . 5 4 9 , 0 . 2 1 6 3 , 0 . 2 3 4 7 , 0 , 0 . 6 3 4 6 , 0 . 1 9 3 7 , 0 . 1 7 4 7 , 0 , 0 . 6 4 3 7 , 0 . 1 8 8 7 ,  
D A T A  3. 1 6 7 3 i 0, 0• 6 5 2 8 ,  0.' 1 8 68, 0. 1 60 4, 0, 0. 66  1 9, 0. 1 8 49, 0. 1 5 3 2 ,  0,
D A T A  0. 67 1 , 0. 18 3 , 0 .  1 4 6 , 3 , 3 . 6 7 1 , 0 F 1 8 3 , 0 .  1 46, 0, 3. 67 4, 0 M 8 2 7 , 0 . I 433,;
Ii
1 00 
102 
104 
1 36 
108 
1 10 
1 12 
1 1 4 
1 1 6 
1 18 
1 20 
1 22 
1 24 
126 
128
i
NEW F I L E  NAME- -UP 
READY.
TAPE 
READY. .
31 LET F4 = I
32 LET F6=2
33 GO TO 42
35 LET T I = F5
36 LET F 6 = F 2 + 10
37 LET F4=F2
38 LET F2=F6
42 LET N 4 = 0 . 8 3 3 4 * ( F 2 » 4 - F 0 » 4 ) / 1 0 t 8
43 LET G=9
44 LET T=F0
46 GO TO 70
47 LET A3=At
48 LET A4=A2
49 LET 84=82
50 LET K4=K2
51 LET J 4 = J 2
52 LET F5=T
53 LET T <G) =F5
54 I F  G>0 THEN 69
55 I F  F 4< 5 60 THEN 35
56 I F  T < = F2+3 THEN 58
57 GO TO 59
58 I F  T> = F 2 - 3 THEN 300
59 GO SUB 280
60 GO TO 42
69 LET G = G- !
70 LET T = T + 10
71 GO TO 75
75 LET X = X< C-, I )
76 LET X < 1 0 ) = X (  10,  I )
78 I F  G=9 THEN 84
80 LET Z = A3 
82 LET U=A4 
84 GO SUB 250 
86 LET H = V 
RR LET A 1= Z 
90 LET A2=U 
92 LET X=X( G, 2>
94 LET X ( 1 0 ) = X C 1 0 , 2 )
96 I F  G = 9 THEN 102 
98 LET Z=A3 
100 LET U=B4 
102 GO SUB 250 
104 LET C=V 
108 LET B2 = U 
1 10 LET X = X C G , 3 )
112 LET XC1 0 ) = X ( 1 0 , 3 )
114 I F  6=9 THEN 120 
1 16 LET Z =A3 
1 18 LET U = K 4 
120 GO SUB 250 
122 LET N = V 
126 LET K2=U 
128 LET X = X ( G , 4)
130 LET X ( 1 0 ) = X ( 1 0 , 4 )
132 I F  G=9 THEN 138 
134 LET Z = A3 
136 LET U=J4 
138 GO SUB 250 
140 LET 0 =9  
144 LET J 2 = U
165 LET H 3 = 0 . 6 8 5 * H + 0 . 9 3 5 * 0 + 0 . 7 5 6 + N + 0 . 8 1 4 * 0
1 70 Let H 4 — 0.  5 4 7  + H+ 1 . 3 3 * 0 0 .  R 3 * N * 0 • 8 7 * 0
1 75 LET M1 =4 * H+4 4 * C+2 R. 0 2 * N+3 2 * O
1 77 LET S 7 = 1 2 0 / ( 1 0 - G)
180 LET S3=< 4 0 0 .  1 8 4 4 * 5 7 / Ml t  2 ) t 0 . 2 5
IRS LET Y 5 = 2 . 7 3 » ( H 3 / 4 ) * ( 5 T ( H 3 / 4 ) / 2 t < 3 * H 4 / 4 ) )
1 90 LET Y 6 = 7 . 9 3 t H * 1 . 3 1 * C * 2 . 4 t N * 1 . 7 t 0
1 95 LET Y 7 = 10 t ( 0 . 7 5 - 1 . 5 * H - 3 * C - 2 * N ~ 2 * 0 >
205 LET S 4 = Y 5 * Y 7 * Y 6 t 0 . 2 5
2 1 0 LET S 5 = C 4 . 9 7 * H* 1  0 . 0 3 * 0 6 . 923*N + 7 * O ) t 0 . 25
2 1 5 LET S 6 = ( 3 * H + R . 2 * C + 5 * N + 5 * O ) * 0 . 75
2 2 0 LET D1= S 3 * S 4 * S 5 * S 6
2 2 5 LET N 5 = ( 3 * H 4 - H 3 - 3 ) / 4
2 3 0 LET N 6 = 0 1 * C T - F 0 ) t | . 2 5 * < T + F 0 ) t N 5
2 3 2 LET N R =N 3 - N 4
23 3 IF N 6 > N 8 - 3  THEN 2 3 5
23  A GO TO 2 3 6
2 3 5 IF iN 6<N8 + 3 THEiN 47
2 3 6 LET M6 = N 6
23 7 GO SUR 2 4 5
238 LET T = T 9
2 3 9 GO SUR 2 4 4
2 4 0 LET T = T9
241 GO SUB 2 4 4
2 4 2 LET T = T 9
2 4 3 GO TO 75
2 4 4 LET M 6 = D 1 * C T - F 0 ) t 1 . 2 5 * ( T + F 0 ) t N 5
2 4 5 LET R I = T -  F 0
2 4 6 LET R2 = T + F0
2 4 7 LET R 3 = ( R 1 - R 1 * N R / M 6 > / ( N 5 * R 1 / R 2 + 1 . 2 5 >
248 LET T9=T- R3
2 4 9 GO TO 3 0 0
2 5 0 I F G<9 THEN 2 6 0
2 5 5 LET Z - 1 / F0
257 LET U = X( 10 ) / F 0
2 6 0 LET Z = 0 2 / T
2 6 5 LET U=U+2*X/ T
2 7 0 LET V = C U - X / T ) / < Z - 1 / T )
2 7 5 GO TO 3 0 0
2 8 0 LET I 2 = T' 1
2 8 2 LET T 1 = F 5
2 8 4 LET F6=(C F 4 - F 2 ) * T 2 - C  T 2 - T 1 > * F 4 ) / C C F 4 - F 2 ) - C  T2
28 6 LET F 4= F2
288 LET F 2 = F 6
3 0 0 RET IJRN
TAPE
READY.
IPS LET Y 5 = 2 . 7 3 * ( H 3 / 4 ) * 4 t < H 3 / 4 ) * 5 t ( H 3 / 4 > / 2 » ( 3 * H 4 / 4 )  
KEY
READY.
NEW F I L E  NAME--DOWN 
READY.
TAPE
READY.
40 LET FR±F2
42 LET \ ' 4  = 0 .  8 3 3 4 *  ( FRt  4 - F 0 t  4 ) / 1  0 t  R
43 LET G = 1
44 LET T = F8
46 GO TO 70
47 LET A3 = A 1
48 LET A4 = A2
49 LET H4= R2
50 LET K4 = K2
51 LET J 4 = J 2
52 LET F5=T
53 LET DC G)= F 5
54 I F  G < 10 THEN 69
55 I F  T< = F0 + 3 THEN 58
56 GO TO 59
58 I F  T > = F 0 -  3 THEN 300
59 GO SUB 280
60 GO TO 42
69 LET G = G+ 1
70 LET T = T-  10
75 LET X = X< G, 1 )
76 LET X( 10)=XC 0 ,  I )
78 I F  G=1 THEN 84 
80 LET Z = A3 
82  LET 11 = A 4 
84  GO SUB 250  
8 6 LET H = V 
88 LET A 1= Z 
90 LET A2=U 
92 LET X =X( G , 2 >
94 LET X ( 1 0 ) = X ( 0 , 2 )
96 I F  G=1 THEN 102 
98 LET Z=A3 
100 LET U=R4 
102 GO SUH 250 
104 LET C= V 
108 LET B2=U 
1 10 LET X = X ( G , 3)
112 LET X < 10 ) = X ( 0 , 3)
114 I F  G=1 THEN 120 
1 16 LET Z = A3 
1 18 LET U = K 4 
120 GO SUB 250 
122 LET N = V 
126 LET K2=U 
128 LET X = X < G , 4)
130 LET X< 1 0 ) = X ( 0 , 4 )
132 I F  G=1 THEN 138 
134 LET Z=A3 
136 LET U = J 4 
138 GO SUB 250 
140 LET 0 = V 
144 LET 
165 LET 
170 LET 
175 LET 
177 LET 
180 LET 
185 LET 
190 LET 
195 LET 
205 LET 
210 LET
TAPE
READY. / ______
10 LET Y =1
15 LET X < 1 0 ) = X ( 1 0 , 1 )
20 LET X ( 0 ) = X ( 0 , I )
25 GO SUB 250 
30 LET H = V 
35 LET Y=2
40 LET X (1 0 ) = X < 1 0 , 2 )
45 LET X ( 0 ) = X ( 0 , 2 )
50 GO SUB 250  
60 LET C = V 
65 LET Y = 3
70 LET X( I 0 ) = X ( 1 0 , 3 )
75 LET X ( 0 ) = X < 0 , 3 >
80 GO SUB 250 
85 LET N = V 
90 LET Y= 4
95 LET X C 1 0 ) = X ( 1 0 , 4 )
100 LET X < 0 ) = X < 0 , 4)
105 GO SUB 250 
110 LET 0 = V 
120 GO TO 300
250 LET G= 10
251 LET G = G- 1
252  I F  G<9 THEN 260  
254  LET Z = l / F 0 + 1 / L ( 0 )
256  LET U = X < 1 0 ) / F 0 + X ( 0 ) / L <0 )  
260 LET Z = Z + 2 / L C G )
265 LET U = U + 2 * X ( G , Y ) / L C G )
270  I F  G= 1 THEN 280 
275 GO TO 251 
280 LET V=U/ Z 
300 RETURN
KEY
READY.
NEW F I L E  NAME— GAS
READY.
1 2 7
J2  = U
H 3 = 0 . 6 8 5 * H + 0 . 9 3 5 * C + 0 . 7 5 6 * N + 0 . 8 1 4 * 0  
H 4 = 0 . 5 4 7 * H + 1 • 3 3 * C + 0 . 8 3 * N +0 . 8 7 * 0  
M l = 4 * H + 4 4 * C + 2 8 . 0 2 * N + 3 2 * O  
S 7 = 1 2 0 / G
S3= C 4 0 0 .  1844+S7 / M1  t 2)  t 0 . 2 5  
Y 5 = 2 . 7 3 » ( H 3 / 4 1 * ( 5 » ( H 3 / 4 ) / 2 t < 3 * H 4 / 4 ) )  
Y 6 = 7 . 9 3 t H * 1 . 3 1 t C * 2 . 4 » N * 1 . 7<0 
Y 7 = 1 0 t ( 0 . 7 5 - 1 . 5 * H - 3 * C - 2 * N - ? * 0 )  
S 4 = Y b * Y 7 * Y 6 » 0 . 2 5
S 5 = ( 4 . 9 7 * H + 1 0 . 03 + C + 6 . 9 2 3 * N  + 7 * 0 >t 0 .  25
2 1 5  LET S 6 - C 3 * H + R . 2 * O 5 * N  + 5 * 0 >t 0 . 7 5  ^
2 2 0  LET DI = S 3 * S 4 * S S * S 6
2 2 5  LET N 5 = C 3 * H 4 - H 3 - 3 > / 4
2 3 0  LET N6 = D1* ( F R - T ) t 1 . 2 5 * ( F P + T ) t N 5
2 3 2  LET NR=N3- N4
2 3 3  IF N6>NR- 1 THEN 2 3 5
2 3 4  GO TO 2 3 6
2 3 5  IF N 6 < N R + 2 THEN 47
2 3 6  LET M6=N6
2 3 7  GO SUB 2 4 5
2 3 8  LET T=T9
2 3 9  GO SUB 2 4 4
2 4 0  LET T=T9
241 GO SUB 2 4 4
2 4 2  LET T=T9
2 4 3  GO TO 75
2 4 4  LET M6=D1* < F R - T ) t 1 . 2 5 * ( FR+T) t N 5
2 4 5  LET R1=FR~ T
2 4 6  LET R2 = FR + T
2 4 7  LET R3 = < 1- N R / M 6 ) * R 1 /  ( N 5* R 1/ R 2 - 1 • 2 5 )
2 4 8  LET T9=T- R3
2 4 9  GO TO 3 0 0
2 5 0  IF G>1 THEN 2 6 0  
2 5 5  LET Z=1/ FR
257  LET U = XC 1 0 ) / FR
2 6 0  LET Z=Z+2 / T
2 6 5  LET U = U + 2* X/ T
2 7 0  LET V = ( U - X / T ) / ( Z - 1 / T )
2 7 5  GO TO 3 0 0
2 8 0  LET R 9 = F 5 / F 8
2R2 LET F 9 = P R + ( F 0 ~ F 5 > / ( R 9 * 4 0 >
2 8 4  LET FR = F9 
30 0  RETURN
TAPE
R E A D Y .
185 LET Y 5 = 2 * 7 3 t ( H 3 / 4 ) * 4 t < H 3 / 4 ) * S t ( H 3 / 4 ) / 2 t (3 * H 4 / 4 )  
KEY
READY. ' • ' " • , ,
128
GRAD 1 2 : 5 8  G 2 6 5  R 0 4 / 0 9 / 7 1
PROBE.N0 COLD WALL TEMP
A/C THE GAP AT PROBES POSITIONS  
»MOL FRACTIONS AT PROBES POSITIONS
T( 6) 
T ( 1 )
EXP NO 
TEMP GRAD 
GAS COMP 
UP GRAD 
T ( 9)
TC 4)
H
DOWN GRAD 
DC 9)
DC 4 )
H
GAS TEMP 
LC 9)
LC 4)
H
29
464* 0 7 4
5 4 3 . 3 9 4  
. 7 3 8 2 7 8  
2 9 5 .  74
3 3 5 . 2 6 8  
. 7 3 9 1 1 2  
• 3 7 9 . 9 0 7
4 3 9 . 3 3 1  
. 7 3 8 7 0 6  
29
466* 789
5 3 9 . 8  1 5 
. 7 0 7 8 2 8  
3 0 1 • 5 7 6
3 4 1 . 1 3 8  
. 7 0 9 7 8 7  
3 8 4 . 1 8 3
4 4 0 . 4 7 6  
. 7 0 8 7 8 9  
29
4 6 8 . 9 7 3
5 4 1 . 5 2  
. 6 5 3 4 0 4  
3 0 6 .  48
3 4 4 . 9 7 1  
. 6 5 6 0 4 5  
3 8 7 . 7 2 7
4 4 3 . 2 4 6  
. 6 5 4 6 9 1  
29
4 7 1 . 4 3 5
5 4 4 . 4 7 7  
. 5 5 2 3 4 4
3 1 0 . 0 8  1
3 4 9 . 0 3 5  
. 5 5 3 3 3 1
3 9 0 . 7 5 8
4 4 6 . 7 5 6  
. 5 5 2 8 3 2  
29
4 7 2 . 8  1 2
5 4 5 . 2 3 3  
. 4 5 1 4 5 8  
3 1 3 . 4 9 7
3 5 2 . 4 1 6  
. 4 5 2 2 0 7  
3 9 3 . 1 5 5  
448* 8 2 5  
. 4 5 1 8 4 3
TCP)
TC 3)
C
DC 8 )
DC 3)
C
LC 8 )
LC 3)
C
1
491.277
553.394 
. 1 03503
302.054 
347.882 
. 1 0 1 78 6
396.666 
450.638 
.102658 
2
493. 1 1 6
549.815 
.111817 
308.083 
353.408 
.110491 
400. 6  
451.611 
. 1 1 1 1 6  
7
494.794
551.52
. 187592
3 1 2 . 6 1 8  
357.097 
.186801
403.706 
454.309 
. 187209 
1 1
497.577
554.477 
.285539 
3 1 6 . 42 7 
361.113 
.283884
407.002
457.795 
.284702 
1 3
498* 488
555.233 
.331 I 83
319.669 
364.569 
.329808
409.079 
459.901 
.330505
TC 7 )
TC 2 )
N
DC 7 )
DC 2 )
N
LC 7)
LC 2)
N
289.606 
508* 9 1 4
558.622 
.158219
308.91
364.583 
.159103 
408.912
461.603 
.158636 
293.227
509.815
559 . 8  1 5 
.180355 
314.935 
369.701 
. 1 79722 
4 1 2 . 3 7 5
464.758 
. 1 8005
298.446 
51 1.52
561.52
. 1 5 8 9 7 4
3 1 9 . 3 2 4  
3 7 3 . 1 3 6  
. 1 5 7 1 22  
4 1 5 . 4 2 2  
Zi67 • 328  
. 1 5 8 0 6 9
3 0 2 . 3 7  
5 1 4 * 4 7 7
5 6 4 . 4 7 7  
. 1 6 2 1 1 6
323.324 
377.103 
.162785
4 1 8 . 9
4 7 0 . 7 9
. 162466
305.673
515.233
565.233 
.217309
326.44 
380.58 
.217931 
420.837
472.907
* .2 1 7601
DC 6)
DC 1 )
0
LC 6)
LC 1 )
0
518.914
568.622 
0
315.268
389.896 
0
41 7 . 09 1
479.259 
0
5 1 9 . 8 1 5  
563.283 
0
321.138
394.707 
0
420.476 
478.995 
0
521.52 
565.069 
0
324. 97 1
397.769 
0
423.246 
48 1 . 419 
0
524.477 
566.943 
0
329.035
401.667 
0
426.756 
484. 305 
0
• 525.233 
567.763 
0
332.416 
405. 1 1 6
0
428.825 
48 6 . 4 4 
0
TC 5)  
F 2
DCS)
F8
LC 5)  
L C 0 )
5 3 3 . 3 9 4
5 7 0 . 9 2
3 2 5 . 2 6 8
5 7 0 . 9 2
4 2 9 . 3 3 1
5 7 0 . 9 2
5 2 9 . 8 1 5
5 7 2 . 6 0 7
3 3 1 . 1 3 8
5 7 2 . 4 5 2
430* 47 6 
5 7 2 . 5 3
5 3 1 . 5 2  
5 7 4 .  763
3 3 4 . 9 7 1
5 7 4 . 5 9 8
4 3 3 . 2 4 6  
5 7 4 . 6 8
5 3 4 . 4 7 7  
57 6.  8 55
3 3 9 . 0 3 5  
5 7 6.  68 3
4 3 6 . 7 5 6
5 7 6 . 7 6 9
5 3 5 . 2 3 3  
5 7 8 . 4 6 7
3 4 2 . 4 1 6
5 7 8 . 2 5 9
4 3 8 . 8 2 5  
5 7 8* 3 63
1 2 9
G R A D 1 3 : 1 5  6 2 6 5  A 2 8 / 1 0 / 7 1
EXP NO PROBE N 0 COLD WALL TEMP
TEMP GRAD A/C THE GAP AT PROBES POSITIONS
GAS COMP » MOL FRACTIONS AT PROBES POSITIONS
UP GRAD
T< 9) TC 8 ) TC 7) TC 6) TC 5)
TCA) TC 3) TC 2 ) TC 1 ) F 2,
H C N 0
DOWN GRAD
DC 9) DC 8 ) DC 7) DC 6) DC 5)
DC A) DC 3) DC 2 ) DC 1 ) F8
H C N 0
GAS TEMP
LC 9) L C 8 ) LC 7) LC 6) L C 5 )
LC A) LC 3 ) L C 2 ) LC 1 ) LC 0 )
H C N 0
30 1 2 8 9 . 9 6 8
A66i  2A9 A 9 3 . 25 5 1 0 . 8 0 8 52 A• 133 5 3 A. 133
S A A . 133 55 A. 133 5 5 9 . 5 0 8 5 6 6 . 0 5 5 7 2 . 3 8 8
. A863 1 5 * 5 1 3  685 0 0
2 9 6 . 3 8 8 3 0 2 . 8 1 2 3 0 9 . 8 AR 31 6 . 8 7 8 3 2 6 .  8 7 8
3 3 6 .  8 7 8 3 A9 • 5 8 6 3 6 6 .  3 5 9 3 9 2 . 1 9 5 7 2 . 3 8 8
. A8 7255 . 5 1 27A5 0 0
• 3 8 1 . 3 1 9 3 9 8 . 0 3 1 A1 0 * 3 2 8 A 2 0 . 5 0 6 A 3 0 . 5 0 6
AA0* 5 0 6 A5 1 . 8 6 A 62* 9 3 3 A79.  1 2 5 7 2 . 3 8 8
. A8 6807 . 5 1 3 1 9 3 0 0
30 2 2 9 3 . 8 7 6
A 6 7 . 3 3 3 A9 3 • 9 9 7 5 1 1 . A 9 1 52A.  8 6 5 3 A» 8 6
5AA. 86 5 5 A. 8 6 5 6 0 . 5 5 5 7 0 . 5 5 57 A.
. A 2 1 107 * 5 7 8 8 9 3 0 0
3 0 0 . A28 3 0 6 . 5 9 7 3 1 3 . A 2 A 3 2 0 . 2 3 7 3 3 0 . 2 3 7
3 A 0 . 23 7 3 5 2 . 9 3 1 3 6 9 .  6 7 3 3 9 5 . A38 5 7 /j •
. A 2 1 2 A 1 . 5 7 8 7 5 9 0 0
3 8 3 . 8 8  1 A 0 0 . 2 9 7 A1 2 . A58 A 2 2 . 5 A 9 A3 2 » 5A9
AA2.5AA A5 3 • 8 9 6 A 65 .  1 1 1 AR2 • 9 9  A 5 7 A.
. A 2 1 192 . 5 7 8 8 0 8 0 0
30 7 2 9 9 .  A 69
A72.  A0 6 A98 * A92 5 1 5 . 5 0 5 5 2 5 . 5G5 5 3 9 . 0 2 6
5A9.  0 2 6 5 5 9 . 0 2 6 5 6 2 .  91 3 5 6 9 . 2 5 £ 5 7 6 . 2 1 3
. 3 1 2 6 3 5 . 6 8 7 3 6 5 0 0
3 0 6 . 3 9 9 3 1 2 . 6 3 7 3 1 9 . 5 0 5 3 2 6 . 2 2 2 3 3 6 .  2 2 2
3 A 6 . 2 2 2 3 5 8 -  8 1 6 3 7 5 . AGS A 0 0 . 8 5 7 5 7 6 . 2 1 3
. 3 1 3 3 8 5 . 68 6 6 15 0 0
3 8 9 . A03 A 0 5 • 5 6 A A l 7 . 5 0 5 A25 • 8 6 3 A3 7.  6 2 A
AA7. 62 A A5 8 • 9 2 1 A 69 .  159 A8 5 .  0 5 6 5 7 6.  21 3
. 3 1 3 0 2 0 . 6 8 6 9 7 9 0 0
30 1 1 3 0 3 - 6 6 7
A 7 5 . 0 3 5 5 0 0 .  9 A6 5 1 7 . 9  1 5 2 7 . 9 1 5 A 1 . 3 9 A
5 5 1 .  3 9 A 5 6 1 .  39 A 5 6 5 . 2 a 5 5 7 1 . 5 7 6 5 7 7 . 8 5 9
. 2 0 1 6 3  1 . 7 9 8 3 6 9 0 0
3 0 9 . 75A 3 1 5 . 8 9 8 3 2 2 . 6 9 6 3 2 9 . 3 5 3 3 9 . 3 5
3 A9. 3 5 3 6 1 . 9 5 2 3 7 8 .  5 A 7 AG3 * 9 99 5 7 7 . 8 5 9
. 20 1 ABA . 7 9 8 5 1 6 0 0
3 9 2 . 3 9  A A 0 8 • A22 A 2 0 * 3 0 3 A2 8 • 6 3 AA0»3 72
A 5 0 . 3 7 2 A 6 1 .  673 A 7 1 . 8 9 6 A 8 7 . 788 5 7 7 . 8 5 9
. 2 0 1 5 7 . 798 A3 0 0
30 1 3 3 0 7 . 1 9 6
A6R * 5 A 7 A 9 6 . 629 5 1 5 . 2A7 5 2 9 .  1 A 7 5 3 9 .  1 A 7
5 A 9'. 1 A 7 5 5 9 .  I A7 5 6 5 . 3 0 8 5 7 5 . 3 0 8 5 7 8 . 7 1
. 1 66 A 68 . 8 0 3 3 9 5 0 0
3 1 1 • A l 5 3 1 7 . 5 3 7 3 2 A. 3 1 2 3 3 0 . 8 7 3 3 A 0 . 8 7 3
3 5 0 . 8 7 3 3 6 3 . AA6 3 8 0 . 0 1 5 A05 . AA 5 78 .  7 1
. 1 6 6 6 1 8 . 8 1 2 8 9 7 0 0
3 8 9 .  98 1 AG 7 . 0 8  3 A l 9 . 7 7 9 A 3 0 • 01 . A A 0 • 0 1
A 5 0 . 0 1 A 6 I . 2 9 6 A72.  661 A90.  37  A 5 7 8 . 7 1
- o  r* o  ca o y, <7\ (a 1 3 0
This is done from the formula:
O C ttsI <p ( J V s )  -f
( ^ r j / o  Z C  ^ r / 3  ■ ^  C ~ r J f  ( t ~>
where the distances from the hot wall A/C the gap are 
indicated by figures: 0 ,1 ,2 ,......1 0 .
To obtain the temperature gradients in pure component 
gases (for equation (t)) the technique of (GRAD) was repeated 
for pure gases .
For instance, pure (He) has to carry the same heat flux 
(N8 ) as the mixture and also between (Tt_) and (Tr,) .ii \j
The distances from the hot wall for corresponding tempera­
tures will be different than in the mixture.
The distances as functions of temperature are calculated 
in Appendix (7) and are used in programme (PCT).
The programme (PCT) gives distances when the temperatures 
of the mixture are reached in pure gas, carrying the same heat
flux (N8 ) . 
ri
This is a family of curves
f ;$ . (« ). A  <j j f  y h
originating at (T„) and spreading 
to different distances to reach (Tq ) •
A / m  / }  y _^  These curves may be differentiated at
A
positions corresponding to (Tm) to find
(Tm 1) which are used in the equation:
2 2 .
Tm* = X,(Tm ),+X0 (T ,) 0 + X 7 (Tm *)m
From Appendix (7):
For (He) the distances are:
(Up) the grad. (XHe) x - [ 5. -.P^|.l b (th-T) 1 * 2 5  . (TH +T) ~° ‘5 1XJ
< T- T c } 1 ' 2 5 • ( T+Tc ) “ 0;  51 j  '(Down) the grad.(X ^ e ) 2 = X
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where f5 .02956( H C J H C'N 8 J
is the distance from the hot wall to reach (T^ ,) in 
Helium.
This is different than the gap (2w).
It is longer because (He) is a very conductive gas.
The combined equation relating T=f(x) is:
For (He)
*  i{
r w * s v /
In this equation conduction and convection is considered.
(Tm ) are the temperatures of the mixture taken at chosen 
positions in the gap. With the same heat flux (N8 ) passing 
through (He) the corresponding distances from the hot wall 
a r e  ( z ^ ) .
7.3.1(b) Conductivity only is considered to derive tempera­
ture distribution from concentration A/C the gap.'
 _______ Programme (MCON) , (mixture-conduct ivity)
The profiles of our measured temperature curves do not 
suggest much movement in the gap.
Also, Jones and Furry in their derivations considered the 
flow as laminar and they used conductivity only A/C the gap.
Therefore, using similar technique as in (GRAD), (the heat 
absorbed by water less heat of radiation) was equated to (the 
heat by conductivity) over consecutive elements (of volume)
A/C the gap.
The problem was simplified because of absence of (Nu,Gr,
P r ) relat ion s .
The expression for conductivity of mixture was taken from 
(Appendix 3 ) :
M
av mix
(T ) av
m f ib • c al hr-ft 2 °c/ft^
w h e r e : av average temp, over the element through which the heat flow is considered.
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f 2-
jg  " f X c ^  ~ 4 \o t
m = 0 -S -G 7 X * *  -tz-szXto+B*
R was calculated for ten positions in the gap starting at m
the cold wall.
The heat resistance A/C the element 120 was obtained and
the heat by conductivity
temperature drop over the element 
qk Heat res is tance
was then equated to (the heat absorbed by water less
heat of radiation). N 6 = N 8 .
This equation determines the temperature of the element.
On reaching the hot wall the temperature of the element (Tg)^ 
must be equal to the temperature of the hot wall (Tg), which 
is already used in (N8 ) . So, this operation had to be 
repeated until the temperature of the element was equal to 
the temperature of the hot wall (at the hot wall).
The temperature distribution obtained from (MCON) compares 
well with the measured temperatures A/C the gap. Fig.(SI)
7.3.1(c) Conductivity only A/C the gap (temperature distribu­
tion from concentrations) with different expression
for coefficient k . /MnTTT-i>\_____________________ m__________Programme (MCWLB)___________
To confirm the usefulness of correlation, when using 
conductivity only, the technique of (MCON) was repeated, but 
with(k-m ) (used in the programme)^ calculated by the method of 
Lindsay and Bromley, based on Wassiljewa expansion and 
Sutherland’s model of gas (26,27,30).
In the programme (MCWLB) the calculations were done for
four gases (He,C O ^ ,N ^ ,0^) which reduces to three if
X_ = 0  e t c .)
2
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MCON 1 8 : 3 2  G 2 6 5  A 2 8 / 1 0 / 7 1
10 HEAD N7 , W,  V3# V4
20  LET N3 = 360f l*fc*0« 6 9 3 3  1 3 * (  V/4-V/3J/51 • 4 
30  READ P
35  IF P= 4 4  THEN 10 
40 FOR G=0 TO 1 0
45 FOR Y=1 TO 4
50  READ X *C G > Y )
55  NEXT Y
60 NEXT G
61 FOR (3=10 TO 0 STEP -1
62 LET JCG> 1 ) =3*XCG> 1 ) + 8 .  2*XCG*2 ) +5*XCG*3 ) +5*XCG*4)
63 LET J ( G > 2 ) = 5 . 3 » X C G # l ) * 2 6 . 2 t X ( G # 2 ) * 7 . 3 6 t X < G # 3 ) * 6 . 8 3 t X ( G # 4 )
64 LET JCG#3 ) = 3*XCG#1 ) +6*XCG#2 ) + 4*XCG#3 ) + 4 * X( G*4)
65 LET HC G) =JC 6# 1 ) *JC G, ? > / 1  0t  JC G> 3)
6 6  LET MCG)=4*X CG> 1) + 44*X (G# 2 > + 28• 02*XC G# 3)+32*XCG# 4)
68 LET I CG) = 0 . 5 4 7 * XCG# 1 ) + 1 . 33*XCG#2 ) + 0 ® 83*XCG#3 ) + 0 . 8 7*XCG>4)
70 NEXT G 
72 READ F0
75 LET F 7 = 1 0 0 * C N 3 / 0 . R 3 3 4 + F 0 t / ) / l 0 t 8 ) t 0 . - 2 5
80  LET F 2 = F 7 - C F 7 - F 0 ) / 6
82  LET FC1 0 ) = F 2
8 4  GO TO 105
88'  IF F2> FC 10)  THEN 100
90 LET V2 = T C 0 )
92  LET F4 = F2 
94  LET F2 = F2 +10  
98 GO TO 105  
•100 GO SUB 3 3 5
105 LET N 4 = 0 . « 3 3 4 * C F 2 t 4 - K 0 t 4 ) / l f l tR
110 LET N8 = N3 - N4
115 LET G=10
120 LET T C G) = F0
125 GO SUB 2 6 5
127 GO TO 185
130 LET LCG)=TCG>
135 LEI UCG)=RCG)
140 IF G> 0 THEN 18b
145 LET E = D C 9 ) + D ( 8 )  + UC7) +DC6) +UC5) +DC4) +DC3) +UC2) +DC 1 ) +DC 0 )
150 LET NQ- CTC0) - TC 10)  ) / E  
155 IK TC0)< = F2 + 3 THEN 165  
.160 GO TO 8 8
165 IF T C 0 ) > = F 2 - 3  THEN 17b
1 70 GO TO 8« '
17 5 PRINT F0# LC 9 ) # L C 8 ) # L C 7 ) # L C 6 ) # L. C 5 ) # L C 4 ) # L C 3 ) # L C 2 ) # L C 1 ) > L C 0 )
1 7 7 P RIN T
178 PRINT N 8 , N9
180 GO TO 30
185 LET G=G~1
190 LET Z=G+l
19 5 LET T C G)= T C Z ) + 10
2 0 0  GO SUB 2 6 5
2 0 5  LET K C G ) = 0 . 5 * CBCZ ) + RCG) )
2 1 0  LET N6=CTCG)- ' I  C Z) ) / k C G)
2 1 5  IF N6> N 8 -  3 THEN 2 2 5
2 2 0  GO TO 2 3 0
2 2 5  IF N 6 < N 8 + 3 THEN 130
2 3 0  GO SUH 2 8 0
235  GO SUB 3 0 0
■J A0 L  t- I 1 ( G ) = I\ rt 3 ( r V )
2 4 5  GO SUH 3 0 0
2 5 0  LET T C 6 > = A B S C F 9)
2 5 5  GO SUB 3 0 0
2 6 0  LET T C G)= AbS C F9)
2 6 2  GO SUH 2 6 5
2 6 4  GO TO 130
26 5  LET KCG) =CHCG) / MCG) ) *I CG) t I CG)
o, -»r» I -  T Q ( r; 1 =  1 /  ( 1 P n *  k  i O )  )
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X290 
29b 
297 
300 
305 
3! 0 
3 I 5 
320 
325 
330 
335 
3 40 
345 
550 
600
2 8  0 LET C1=TCZ>
LET C 2 - H ( Z )
LET C 3 = K ( G > / ( 1 2 0 * H C G ) >
LET C 4 = I ( G >
GO TO 550
LET S = 2 * < K G ) - C 1 ) / C C 2  + C 3 / T ( G > t C 4 ) - i\18 
LET S I » C 2 + C 3 / T < G > » C 4
LET S2=2* <  5 l +C3  + C4+C I ( G>- C l  ) / T ( G ) »( l + C 4 ) )
LET S 3.= S 2 /  5 l t 2
LET 5 4= S / S3
LET F 9 = T ( G ) - S 4
GO TO 550
LET H6 = ( F2 *  V 2 - T ( 0 > *  F 4 ) / ( ( F2-
LET F2=F6
GO TO 550
RETURN
END
F 4 ) + ( V/2- I ( 0 )  >)
TAP E
READY.
400 DATA
402 DATA
404 DA'I A
406 DATA
'408 DATA
410 DATA
412 DATA
414 DATA
41 6 DATA
418 •DATA
420 DATA
422 DATA
424 DATA
426 DATA
428 DATA
430 DATA
432 DATA
434 DATA
43 6 DATA
438 DATA
440 DATA
424" " 4 2  1
444 DATA
446 DATA
44R DATA
450 DATA
452 DATA
5"  454  DA
456 DATA
458 DATA
460 DATA
462 DATA
464 DATA
466 DATA
468 DATA
470 DATA
472 DATA
474 DATA
476 DATA
478 DATA
480 DATA
482 DATA
48 4 DAR"
48 6 DATA
488 DATA
490 DATA
492 DATA
494 DATA
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29 ,  3.  6 7 ,  l l , l 6.  5
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0 .  7 7 2 6 ,  0 .  08 65 ,  0 .  1 4 0 9 ,  0 ,  0 .  7 63 6,  0 .  08 74 ,  0 .  1 49 ,  0 ,  0 .  7 5 4 6 , t ) .  08 8 2,  
0 .  15 7 2 , 0 , 0 .  4 " 7  4 6 , 0 .  08 9 , 0 .  1 6 5 , 0 , 0 .  7 4 b , 0 . 0 8  9 8 , 0 .  1 6 5 2 , 0 , 0 .  7 Ab,  
0 .  090 6 , 0 .  164 4 , 0 , 0 .  7 4 , 0 . 0 9  5 6 , 0 .  1 6 4 4 , 0 , 0 .  7 3 5 , 0 .  I 0 3 8 , 0 .  1 6 1 2 , 0 ,  
0 . 7 3 , 0 . 1 1 2 9 , 0 . 1 5 7 1 , 0 , 0 . 7 2 , 0 . 1 2 , 0 . 1 6 , 0 , 0 . 6 9 , 0 . 1 6 5 , 0 . 1 4 5 , 0 ,  
2 8 9 . 6 0 6 ,
2
7 5 . 0 . 0 8 7 2 . 0 . 1 6 2 8 . 0 . 0 . 7 4 . 0 . P « 9 7 6 , 0 . 1 7 0 2 4 , 0 , 0 . 7 3 , 0 . 0 9 2 3 2 ,
1 7 7 6 8 ,  0 , 0 .  7 3 , 0 . 0 9 4 5 8 , 0 .  1 7 5 4 2 , 0 , 0 .  7 2 5 ,  0 .  097 1 4 , 0 .  I 7 7 8 6 ,  0,
7 2 . 0 .  1 , 0 .  1 8 , 0 , 0 .  7 1 5 , 0 . 1 0 8 3 , 0 .  1 7 6 7 , 0 ,  0 .  7 1 , 0 .  1 1 6 6 , 0 .  1 7 3 4 ,  0 ,
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2 2 7 ,
0.
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293.
7
0.  68 5,  0 .  18 15 , 0 .  
0 .  1 40 6,  0 ,  0 .  67 4.
1 3 3 5 , 0 , 0 . 6 8 , 0 . 1 8 2 1 , 0 . 1 3 7 9 , 0 , 0 . 6 7 7 , 0 . 1 8 2 4 ,
0 . 1 8 2 7 , 0 . 1 4 3 3 , 0 , 0 . 6 7 1 , 0 . 1 8 3 , 0 . 1 4 6 , 0 , 0 . 6 6 1 9 ,
1532,  0 , 0 .  65 2 8 , 0 .  18 6 8 , 0 .  I 6 0 4 , 0 ,  0 .  6 4 3 7 ,  0.  1 8 8 7 , 0 .  l 6 7 3 , 0
1 9 0 7 , 0 .  1 7 4 7 , 0 , 0 .  5 4 9 , 0 . 2 1 6 3 ,  0.  2 3 4 7 , P,
P . 1 8 4 9 , 0  
0 . 6 3 4 6 , 0  
2 9 8 . 4 4 6  
1 1
P . 5 8 , 0 . 2 2 7 , 0 . 1 9 3 , 0 . 0 . 5 7 5 , 0 . 2 3 3 , 0 . 1 9 2 , 0 , 0 . 5 7 3 , 0 . 2 3 9 , P . 1 8 8 , 0 ,  
DATA 0 . 5 7 , 0 . 2 4 5 , 0 . 1 8 5 , 0 , 0 . 5 7 , 0 . 2 5 , 0 . 1 8 , 0 , 0 . 5 6 7 , 0 . 2 5 6 , 0 . 1 7 7 , 0  
0.  5 6 3 ,  0 .  2 7 8 2 ,  0 .  1 5 * 8 ,  0 , 0 .  5 45 ,  0.  3 1 0 4 ,  0 .  1 4 4 6 ,  0 ,  0.  5-3, 0 .  3 3 2 6 ,
0.  t 3 7 4 , P , 0 .  5 2 , 0 .  3 4 5 ,  0 .  1 3 5 , 0 , 0 .  501 1 , 0 . 3 8 5 , 0 .  1 139,  0 ,
3 0 2 . 3 7
1 3
0 .  4 9 , 0 . 3 , 0 . 2 1 , 0 , 0 .  48 5 , 0 . 3 0  6 3 , 0 . 2 0 8  7 , 0 , p .  4 8 ,  0 .  3 1 2 4 , 0 . 2 0  7 6 , 0 ,  
TA 0 . 4 7 5 , 0 . 3 1 8 5 , 0 . 2 0 6 5 , P , 0 . 4 7 , 0 . 3 2 4 6 , 0 . 2 0 5 4 , 0 , 0 . 4 6 5 , 0 . 3 3 0 7 ,  
0 .  2 0 4 3 ,  0 , P. 45,  0.  335  1 , 0 .  2 1 4 9 , 0 , 0 .  438 ,  0 .  3 3 9 , 0 .  2 2 2 5 , P , 0 .  4 2 5 ,
O. 32 ,  0 - 2 5 5 ,  0 , 0 .  4 1 7 9 , 0 . 3  4 4 , 0 . 2 3 8 1 , 0 ,  0 .  39 5 4 , 0 .  4 , 0 .  20 4 6 , 0 ,
3 0 5 . 6 7 3  
44
3 0 , 3 .  5 7 ,  11 , 1 7 
1
0 .  5 4 , 0 .  4 6 , 0 , 0 , 0 .  5 2 , 0 .  4 8 , 0 , 0 , 0 .  5 1 5 , 0 .  48 5 , 0 , 0 ,  0.  5 1 , 0 .  4 9 
0 .  50 5 , 0 .  4 9 5 , 0 , P , 0 .  5 , 0 .  5 , 0 , 0 , 0 .  48 7 5 , 0 .  5 1 2 5 , 0 , 0 , 0 .  4 7 5 , 0  
0 .  4 6 2 5 ,  P.  5 3 7 5 , 0 , 0 ,  0 .  45 ,  0 .  55 ,  0 , 0 , 0 .  42,  0 .  5 8 ,  0 , 0 ,
2 8 9 . 9 6 8
2
0.  4 6 , 0 .  5 a , 0 , 0 , 0 .  A4,  0 . 5 6 , 0 , 0 , P . A 3 S , 0.  5 6 5 ,  0 ,  0 ,  0 .  A3,  0 . 5 7 , 0 ,  0 ,  
0 .  42 5 ,  0 .  5 75 ,  0 ,  0 ,  0 .  42 ,  0 .  58 ,  0 ,  0 , 0 .  41 75,  0 .  5 8 2 5 ,  0 ,  0 ,  0 .  4 ! 5 ,  0 
0.  41 2 5 ,  0 .  5 8 7 5 , 0 , 0 ,  0 .  4 1 , 0 .  5 9 , 0 , 0 , 0 .  39 ,  0 .  6 1 , 0 , 0 ,
TA 2 9 3 . 8 7 6  
7
0 . 3 5 1 , 0 .  6 4 9 , 0 , 0 , 0 .  3 4 , 0 .  6 6 , 0 , 0 , 0 . 3 3  4 , 0 .  66 6 , 0 , 0 , 0 .  3 2 9 , P 
0 . 3 2 4 , 0 . 6 7 6 , 0 , 0 , 0 . 3 1 9 , 0 . 6 8 1 , 0 , 0 , 0 . 3 1 2 , 0 . 6 8 8 , 0 , 0 , 0 . 3 0 5  
0 . 2 9 8 , 0 . 7 0 2 , 0 , 0 , 0 . 2 9 , 0 . 7 1 , 0 , 0 , 0 . 2 6 , 0 . 7 4 , 0 , 0 ,
2 9 9 . 4 6 9  
1 1
0,0,
525. 0, 0
58 5,  0
6 7 1 , 0 , 0
0.  6 9 S , 0
1 3 5
MCON 1 8 : 4 3  G 2 6 5  A 2 8 / I ( V  7 1
28 9 * 60 6  
450•055 
570*893 •
144* 331 
293* 227 
453* 992 
572*181
135.893 
298•446 
458* 469 
578* 384
1 2 0 * 682
302.37 
463.525 
579-743
1 0 0 . 7 1 7
305.673 
464.653 
580.273
8 8 . 8 9 4 8  
289.968 
46 6 * 7 9 4 
588.015
92.1036 
293.876
469.622
592.599
8 6 .2052
299.469 
475* 439 
595.014
76* 7 1 25
303.667 
474*819 
592*093
67.5284 
307.196 
471.792 
593.195
67. 7219
OUT OF DATA IN
328.427 
476.25
142*112
333.326
479.669
133.782 
337.802 
484. 35 1
118.71 
341 * 81
488.724
98.874 
344.193 
489.964
87.2293 
334.643
493.608
89.8567 
337.301 
496. 96
84. 0376 
3 a A - 08 9 
502* 071
74.646 
346*255 
500* 98 I
65* 6498 
336* 25* 
498* 96
65* 800 7 
30
362* 281
501 * 48 2
367.428 
504*198
371.342
509.206
376. 58 1 
512.832
378.003
514.035
372. 8 6
518.971
375.017
522.736
382.081
527.143
383-309 
525.579
375. 8 I
524.45
393.471 
525.681
398.236 
527.807
402.335 
533.102
408.134 
535.987
408.973
537.03
407.019
543.088
409. 1 1 4 
547. 18
416. 005
550.89
416.499 
5 48•8 5
410*846 
548* 529
422.604 
548.787
426. 942
550.503
431.27
556.143
436. 895
558.267
437.775 
5 5 9 . 0 7 4
438. 1 1 6  
566. 1 1 9
440.46
570.472
446.907 
5 73* 48 3
446. 795 
5 7 0 . 979
442.589
571.395
1 3 6
MCWLB 1 9 : 1 9  G 2 6 5  A 2 2 / 1 1 / 7 1
1 0 READ N 7# N ( 1 0 ) > NO# N 1 ,
20  LET N 3 = 3 6 0 0 * N ( 1 0 ) * 0 • 6 9 3 3 1 3 * ( N 1 - N 0 ) / 5 1  • 4
30 READ P # F 2 
3 5 IF P= 44.  THEN 1 O 
40 FOR G=0 TO 10 
45 FOR Y=1 TO 4 
50 READ X C G # Y )
55 NEXT Y 
60 NEXT G
62 FOR G =10  TO 0 STEP -1  
64 READ TCG)
6 6 CALL WLB
68 LET BC G) = 1 / (  1 2 0 * KCG))
70 NEXT G 
72 READ F0 
8 2  LET F C 1 0 ) = F 2  
8 4  GO TO 105 
88 IF F 2 < F < 10)  THEN 100  
90 LET N 5 = V( 0 )
92  LET F4 = F2 
9 4 LET F2 = F2 -  1O 
98 GO TO 105  
100 GO SUB 3 3 5
105 LET N 4 = 0 . 8 3 3 4 + C F 2 t 4 - F 0 t 4 ) / 1 0 t 8  
110 LET N8 = N 3 ** N 4 
115 LET G = 1 0 
120 LET VC G) = FO
129 GO TO' 185
130 LET LCG)=VCG)
136 LET l\ C G ) = - N8 /  k C G )
140 IF G> 0 THEN 185 1
145 IF VC0) <=F2+5  THEN 155  
150 GO TO 8 8'
15 5 IF V C O)> = F 2 -  5 TH EN 17 6 
160 GO TO 88
176 PRINT N 7 # P # N 8 , F 2
177 PRINT
178 PRINT F0# LC 9 ) >LC8) ,  LC 7) #  LC 6) #  LC 5) #  LC 4) #  LC 3) #  LC 2 ) #  LC 1)# LC 0)
179 PRINT ■
1 8 0 PR IN T WC 1 0 )  # WC 9 ) # WC 8 ) # WC 7 ) # WC 6 ) # W C 5 ) # W C 4 ) # W C 3 > # v\ C 2 ) # w C 1 ) # W C 0 ) # 
18 1 P RIN T 
183 GO TO 30  
185 LET G = G - 1 
I 90 LET Z = G+ 1 
192 LET V=10 
195 LET VCG)=VCZ) + V 
2 0 0  GO SUB 2 5 0
2 1 3  LET P6=N 6
2 1 4  LET F 5 = V C G)
2 1 5  LET V = V + 1 0
2 1 6  LET VCG)=VCZ)+V 
2 2 0  GO SUB 2 5 0
2 2 5  LET F 9 = F5 + 1 0* C N8 -  P 6)  /  C N 6** P 6 )
2 3 0  LET V C G ) = F 9
2 4 0  GO SUB 2 5 0  
248  GO TO 130
2 5 0  LET KCG>=0 . 5*CBCZ) +BCG) )
2 5 4  LET N6=C VC G)-VC Z) ) /RC G)
2 5 6  GO TO 3 9 0
3 3 5  LET F 6 = C F2 *N 5 -  VC 0 ) * F4 ) / CC F2 - F4)  + CN 5 -  VC 0 ) ) )
3 4 0  LET F2 = F6 
3 5 0  GO TO 3 9 0  
3 90  RETURN.
600  END 137
402 DATA 1 * 5 7 0 .  8  9 3 >
40 4 DATA 0 .  7 7 2 6 * 0 * 0 8 6 3 *  0 * 1 409. .  0* 0 .  7636*  0 .  0 874*  0 . 1 4 9 * 0 *  0 .  7546 * 0 . 0 8 8  2 *
406 DATA O. 1572* 0 * 0 .  746* 0 . 0 8 9 * 0 .  165* 0 , 0 .  745* 0 .  0 8 9 8 *  0 . 1652* 0* 0 ■ 7 4 0 *
408 DATA 0 . 0 9 0 6 * 0 .  1 6 4 4 * 0 * 0 .  74* 0 .  0 9 56*  0 .  1644* 0 * 0 .  735* 0 .  1 0 3 8 * 0 • 16 12*0*
410 DATA (1. 7 3 * 0 .  1 1 29* 0 . 1 5 7 1 ,  0 * 0 .  72* 0 .  ! 2> 0 .  1 6 * O* 0 .  6 9 ,  0 .  1 6 0 * 0>. 140* 0 *
412 DATA 2 8 9 .  60 6 * 3 2 8 .  427* 3 6 2 .  28  1 ,  3 9 3 .  47 1 * 4 2 2 .  604* 4 5 0 .  0 5.5* 47 6 *25*
413 DAT A 5 0 1 .  48 2* 5 2 5 .  6 8 l , 3  4 8 .  78 7 ,  5 7 0 . 8  9 3* 28 9.  60 6 *
4 1 4 DATA 2* 0  72 .  1 8  1 *
41 6 DATA 0  .'7 5* 0 . 08  79 ,  0 . 1 628* 0 * 0 . 74* 0 .  0 8 9 7 6 *  0 .  t 7024*  0* 0 .  73* 0 . 0 9 2 3 2 *
418 DATA 0.  17768*  O* 0 .  73* 0 . 0 9 4 5 8 *  0 .  17542*  0* 0 .  725* O. 0 9 7  14* 0 .  17786*  0*
420 DATA 0.  72* 0 .  1 * 0 .  1 8 ,  (1 * 0 . 7 1 5* 0 .  1 083*  0 . 1 767* 0 * 0 . 71* 0 . } 1 66* 0 . 173 4* 0*
4 22 DATA 0 .  7 * 0 .  1 249*  0 .  1 7 0 1 * 0 *  0 .  67* 0 .  1 3 3 4 * 0 .  1 9 66* 0* 0 .  62* 0 .  171 * 0 . 2 0 9 *  0*
4 2 4 DATA 2 9 3 .  22 7* 3 3 3 .  326*  3 6 7 .  428* 3 ^ 8 .  23 6* 42 6.  9 42* 4 5 3 -  99 2* 479 . 669*
42 5 DATA 00 4 .  198* 02 7 . 8 0  7* 5 0 0 .  003* 5 7 2 .  18 1* 2 9 3 -  22  7*
4 2 6 DATA 7* 5 7 8 .  38 4*
428 DATA 0 .  68 5* 0 .  18 1 5 * 0 .  1335* 0* 0 .  68* 0 .  1 8 2 1 * 0 .  1379* 0 * 0 . 6 7 7 * 0 . 1824*
4 3 0 DATA 0.  1 4 0 6 * 0 * 0 . 674* 0 . 1 8 2 7 , 0 .  l 433* 0 * 0 .  67 1 * 0 .  1 8 3 * 0 .  t 46* 0*
431 DATA 0.  6 7 1 ,  0 .  183* 0 .  146* 0* 0 .  6619*
-'.32 DATA 0 .  18 4 9 * 0 .  1532* 0 * 0 .  6 5 2 8 * 0 .  1868* 0 .  1604* 0*0* 6 4 3 7 * 0 .  188 /* 0* 1673*
43 4 DATA O. 6346*  0 .  1907* 0 .  1 74  7* 0 * 0 . 549*  0 .  2 163*  0 .  2 3 4 7 *  0*
4 3 6 DATA 2 9 8 .  44 6* 33 7 . 8 0 2 *  3 7 1 .  342*  4 0 2 . 3 3  5* 4 3 1 . 2 7 *  4 5 8 .  4 69* 4 8 4 . 351 *
MC-aLB 1 8 : 4 6  G265 A 2 6 / 1 1 / 7 1
2 9
289 . 6 0 6
443.395
562.268
- 4725 . 8 8  
-312*.24 
-2574.68
29
.293. 227
448.143
564.767
-5013.41 
-3088-63 
-2529.83 
29
298.446
4 5 4 . 0 5 3
572.276
- 5130. 44 
- 3 1 0 2 .  1 1 
-2598.16
29
302.37
459.424 
5 7 4- 849
- 4885- 46 
-30 50. 8  6  
-2526. 9 1
29
305.673
463 . 3 8  4 
578. 61 *
- 490 6 . 1 4 
-3093.59
1
3 2 6 . 1 2 1  
4 6 9 .  0 1 9
- 4 0 3  7.  64  
- 3 0 2 0 . 3 8
9
3 3 1 • 4 3
4 7 3 . 3 2 7
- 4 1 0 5 . 2 4  
- 2 9 5 5 . 4 1
7
3 3 6 .  68 7
4 7 9 . 4 4
- 4 0 4 7 . 3 7  
- 2 9 9 0 . 8 1
1 1
3 4 0 . 4 2  
4 8 4 .  2 9 4
- 4 2 4 6 . 5 6  
- 2 9 1 8 . 0 8
1 3
3 4 3 . 6 5 6
4 8 8 . 5 3 4
- 4 2 0 9 . 9 
- 2 9 4 2 . 4 2
2 0 7 . 0 9 3
3 5 8 . 4 3 2
4 9 3 . 7 6 7
- 3 7 1 6 . 9 6  
- 2 9 1 9 . 3 6
1 9 6 . 1 9
3 6 4 . 1 4 1
4 9 7 . 4 6 5
- 3 6 9 5 . 5  
- 2 8 3 7 . 8 2
I 7 6 .  47 6
3 6 9 . 1 2 8
5 0 3 . 8 9 7
- 3 7 3 8 • 4 7  
- 2 8 7 8 . 7 5
1 4 4 .  6
3 7 4 . 2 3 9  
5 0 8 .  18 1
- 3 8  7 0 .  09  
- 2 8 1 4 . 6 2
1 2 2 . 9 7 6
3 7 7 .  18
5 1 2 . 5 0 3
- 3 8 3 5 . 6 4  
- 2 8 1 0 . 2 1
5 6 2 . 0 5 3
3 8 8 .  431 
5 1 7 . 5 7 3
- 3 4 8 2 . 9 9  
- 2 7 9 3 . 9 5
5 6 4 . 3 8 5
3 9 3 * 8 6 6
5 2 0 . 7 6 9
- 3 4 3 8 . 3 5  
- 2 7 5 5 . 2 1
5 6 8 . 3 8 4
3 9 9 . 2 4 6
5 2 7 . 4 6 9
- 3  48 9 .  8 4  
- 2 7 7 8 . 6 5
S 7 4.  08  4
40 5 .  (18 2 
5 3 1 . 1 9 9
- 3 5 3 2 . 1  
- 2 7 0 9 . 8 2
577.  964
4 0 8 . 0 0 8
5 3 5 . 4 3 4
- 3 5 6 3 . 3  
- 2 6 9 3 . I*
4 16 * 6 5
5 4 0 .  37  7
- 3 2 8 9 . 5 4  
- 2 6 7 9 .  I 4
421 - 733  
5 43* 23*
- 3 2 4 9 . 8 3  
- 2 6 3 7 .  1 a
4 2 7 . 4 5 7  
5 5 0 . 2 4 9
- 3 2 8  0 . 8  9
-  2 68 8 • 4
4 3 3 . 2 5 5
5 5 3 . 4 0 5
- 3 2 2 9 . 5 4  
• - 2 6 1 9 . 5 8
43 6* b 75 
5 5 7.  441
- 3 3 1 6 . 5 7
For three gases:
* ' r ( 0  " > 4 ;W W i  * '
where
for instance:
# t z  z j O r f i  ( ', '£ ) { £ ? )  f a  W (f *
Also the dependence of viscosity (]l) on temperature in 
Sutherland gas is:
y ^ . , 1  _  -
A / /  2 / o  + S  . . .then l< r  T. A #  H y r  * - - * . this is for
/ /  I / < > /  "? O  pure gas.
where (S ) are Sutherland's constants (different for each
SHe 79 f ^o(He) 0.0187
gas) 
c . p .
se ° 2 = 24{ | v0 (co2) 0.0137 c . p .
s n2 = 116
also |
I % (N2) 0.0166 c . p .
s 0 2 - 138 ^o(° 2 ) 0.0187 c . p .
and molecular weights: M He=4, m c o 2=4 4 > M„ =28 . 02 , = 
2 2
= 32.
Also *-s the interaction constant.
S12 " CS * (Slw S 2) ; CS = 1 to 0.733.
The values for k ,k3 for pure gases at temperature (T) were
taken from (Appendix 3). These are based on Owen and Thados.
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4.891xlO~6 * t 1 , 3 3
1.311xlo” 4 • T ° * 8 3  
1.066xl0 ” 4 • T ° * 8 7
Because of rather long calculations of (km )> the programme 
(MCWLB) was written with a sub-programme (WLB), to calculate 
the values of (A) and of k(G).
Where k(G) is k^ at a point (G) in the gap.
All other calculations, while considering an element of 
the gap (yk_)ft^ were the same.
The temperature distribution from (MCWLB) fits the 
measured temperatures even closer than the values from (MCON). 
Fig. (SI).
In fact, the writer was later using the results from 
(MCWLB) instead of measured temp, distribution in the gap.
N o t e : Later, a sub-routine to the programme
(MCON) and (MCWLB) was added to calculate 
the temperature gradients (Tm f) at the same 
positions as temperatures.
(Positions: G=0,l,2,..... 10)
These are marked on the outputs as (Tm) and (Tm *).
7.3.2 Further correlations of (T ) (Tm ’) and X - X 0 X Qm m 1 2  3
leading to the choice of simultaneous equations
describing the equilibrium of the point.____________
As mentioned under 7.3(a) and in Fig.(W) the main effort 
in the later part of the investigations was (and still is at 
present) a study of relations correlating (at a point in the 
field) the temperature of the mixture (Tm ) and of pure compo­
nents (T^T^T^), also the rate of heat transfer (q.x ) » the 
temperature gradients (Tm 1, 1» ’) and concentrations at 
that point.
Some of these problems are described in more detail in 
Appendix (8 ).
3 . 9 8 x l O ~ 3 • T ° * 547
140
However, the principle behind these investigations in the 
presence of dynamic equilibrium at each point in the field, 
where the molecules(to reach this equilibrium)respond to the 
driving force (Grad T = AT=Tm ') in their own characteristic 
w a y .
As a result of their (unique, resultant) behaviour the 
molecules are reaching the only possible concentration at that 
point, opposing the ordinary diffusion.
This is provided the other conditions (of the equilibrium) 
are kept constant.
So, there is only one possible temperature profile (at 
equilibrium) with a given concentration distribution if the 
limiting condition like:
a) position in the gap
b) width of the gap
c) limiting temperatures (T^and T )
d) flow conditions(convective or due to mass velocity)
as well as all the distrubing forces, like: gravity, inertial
forces, electro magnetic, etc,, if they are all kept constant.
Therefore, at any equilibrium at a point, the temperature 
(Tm ) and the (grad) (Tm f) (together) are a function of concen- 
centrations at that point.
In 7.3(a), under the ideal conditions, an element of volume 
^"x*l was considered^ containing the species (1,2,3) in layers 
at right angle to the temperature gradient. All the heat flux
This equation gives smaller values for (k ) than (k ) .
HI HI cl C U U cl X
according to Brokaw (28) (18).
In this approach, the temperature gradients of pure 
components (Tm *),(Tm *)^ , (Tm f)^ .... at the temperature of the
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mixture (Tm ) and passing the same heat flux (q. ) were calcu-' X
lated in the regions independent of the actual width of the
gap (2w) . (As in Fig.(w))
The following derivations consider the heat transfer in 
the mixture and in pure components all confined inside the 
gap (2 w ) .
This corresponds (roughly) to an element of volume (^x*l) 
in position (x) containing its component gases in layers 
(X^X^X^) parallel to the temperature gradient.
So that, each gas passes through its own channel its part 
of total heat flux:
Considering now, all the heat transfers and temperature
changes between (T„) and (T ) over the distance = (gap) = 2w,rl L
- the calculations are in Appendix (8 ).
This brings the problem to the estimation of:
1) Temperature distribution in pure component A/C 
the gap:
t -  r s ,  x r  i -7-
T -  f ( ( )  / ( ,  '  C. .(la)
2) Temperature gradient in pure component at (T) in 
position (x):
s r  L  . a - * "  -t- + + * \* 0 ( T c  ~  /& )r f y  ~  2  i a f r t + f )  \ f  *  S  ... (2 a)
3) The rate of heat transfer through the gap between
(T,.) and (T ) in pure component
r l  kj
k v j  S — tf+/ ~  S,*t/ \
7  -  S Z o N T )  ( ^  - ' * ■  . . .  ( 2 )
Also, considering the layers of gas insulated from each other:
4) The rate of heat flow through the element at (x)
From equation (2):
qx- = X lql+X2q2+X3q3
5) With the layers (X^X 2 X^) not insulated and considering 
all component gases at (Tm ) but with temperature gradients as
characteristic to them from equation (2 a):
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( f K) *  ~x > f/  ^  f z  f t ' ,
6 ) With layers not insulated and assuming the tempera­
tures, of pure gases (Tm ) and.with their temperature 
gradients equal to the gradients in the mixture (Tm f):
(? * )*  - X , f f , ) » 7 s \  + £ j z \ )
therefore:  (5a)
'*1  . ■
Note i This equation was also used by Brokaw(28) in his
"practical derivations" and it gave too high values
for (k. ). (The other equation was(: 1 1 1 1 n
At this stage the preliminary search was considered (at the 
end) and a series of programmes (SIMB, 1,2,3,4,5 , 6 , 7 , 8 ,9) was 
developed by the writer to obtain good correlation and to 
select some equations to be used as simultaneous for determina­
tion of concentration distribution:
The derivations are on the lines of Appendix (8 ) and may 
be followed in the programmes enclosed:
The new equations in the following programmes will be 
marked from (7) in continuation from Appendix (8 ).
Data: to all programmes (SIMB) was the same
except for numerical values as for different 
experiements or if obtained from different 
preliminary calculations.
Dat a
(a) k(Y), N(Y) parameters for heat conductivity from
Appendix 3)
(b) Exp. No. (N7)
(c) (p) probe number, T„(N 6 ), T (N10), q = N 8£1 v X
(d) Tm or M ( G ) , M(S) or 0(S) temperature of the mixture
from measurements.
(e) Tm f - D(G) or D(S) temperation gradient at (x)
(f) (X..X9 X..) or X (G, Y) or X(S.Y) mole fractions at (x)
from analysis
(g) Cpi» C p2*Cp3 specific parts from (Appendix 3)
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(SIMB 1): Calculated : n  ^
As xn (1) from T s z  [ T f f  ~  j T T t ' ' 4/  ~~ ^
temperatures of pure gases at (x) in the gap.
As in (2) grad Tm in pure gases.
/ -  , /  /  +**  * t-t.
( n j  E /
1  (As in Appendix 3)
(7) The main correlation is the temperature of the mixture at 
(x) from a heat content at a point and concentrations.
To reach temperature (Tm ) after mixing the layers 
(X1 X 2 X 3) at (TxT 2 T 3):
X ( ( T i- T T fi fy '+ ff  Q ~  &
0f> O  Y / 77 /  7% !^ / z Ya  t /  2 Fb 3
~~ JCf / ■+ -*> -+
The correlation is marked on the output M(G) measured,
T(G) calculated.
(SIMB 2); Calculated 4 + /
As in (3) 3 = j % r < 9 w - r j
As in (4) 1 0  £ £ )  ~  sz JC t <ff  •*cv<yp^2.
heat through the mixture with component gases 
separated from each other.
As in (6 ) ^  fa d -J ~  ~ 7 ^  <?, / a*  X j YEr J
heat through the mixture assuming temperature 
of components (Tm ) and temperature gradients
( V ) .
The correlations marked on the output W(G) and H(G)
(SIMB 3) and SIMW 3)
W(G) = qm = (for insulated layers)
(8 ) C(G^y) which is temperature grad in pure component at 
L(G)=x. According to the formula in Appendix (8 );
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but (T ) i s  c o n s i d e r e d  a s  a  h o t  w a l l ,  m
s o  t h e  g a p  ~ 2 w - x  -  2w—L( G)
/  /  f  **-*•/%
c { & ,  V  ~  f a ,  Z  ~27g) 1, V m }' [ T -  J
E ( G )  = ( a  )  i s  t h e  r a t e  o f  h e a t  t r a n s f e r  t h r o u g h  
the e l e m e n t  ( 3 " x * l )  a t  ( x )  a t  t e m p e r a t u r e  (Tm) h u t  
b a s e d  o n  p u r e  c o m p o n e n t  t e m p ,  g r a d i e n t s  C( G^Y)
0(G) i s  a n  e x p r e s s i o n  f o r  t e m p  g r a d  o f  t h e  m i x t u r e  b u t  a s  
a  l i n e a r  c o m b i n a t i o n  o f  C ( G ^ Y ) .
O/Cr) -  f  7~JJ J  • 5 /4 , '/) J- 5/k) J  ^ ..............
The c o r r e l a t i o n s  a r e  m a r k e d  o n  t h e  o u t p u t .
N9 a c t u a l  h e a t  f l u x  
H(G) a s  a b o v e  
W(G) a s  a b o v e
0(G) t o  b e  c o m p a r e d  w i t h  t h e  D a t a  
m a r k e d  (Tm 1) ,
The c o r r e l a t i o n  o f  N9 a n d  H( G)  i s  g o o d  
A l s o  o f  0 ( G )  a n d  ( Tm1) .
(SIMB 4)
As i n  (SIMB 3)  b u t :
( 9 )  C a l c u l a t i n g  ( g r a d  T)  f o r  p u r e  c o m p o n e n t  a t  a  p o i n t  x = L ( G )  
i t  i s  a s s u m e d  t h a t  o n l y  a s h o r t  e l e m e n t  o f  s p a c e  ( . f x )  s h o u l d  
be c o n s i d e r e d  f o r  c o n d u c t i o n  b e c a u s e  t h e  c o m p o s i t i o n  i s  n o t  
s t e a d y  f o r  l o n g e r  d i s t a n c e s .
In t h e  p r o g r a m m e  t h e  d i s t a n c e  i s  t a k e n  a s = ( ~ - Q ) f t  
( b e t w e e n  t wo  p r o b e s  p o s i t i o n ) .  -
 L  ( r * * -  7 Z  )
i r o V m o  U h  *  ' •
T h e n  ( G r a d  T)  = C(G. ,Y)  *
T c
) 77^  H ( G) a n d  0 ( G )  a r e  b a s e d  o n  t h i s  n e w  C( G^Y)  
T h e  c o r r e l a t i o n s  a r e  m a r k e d  o n  t h e  o u t p u t :
N9 a c t u a l  h e a t  r a t e  
( W ( G ) ,  H ( G ) ,  0 ( G )  a s  a b o v e
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N9 and H(G) - good correlation 
Also 0(G) and Data (T 1 ) ,
(SIMB 5)
As in programme (SIMB 1) the main correlation is the 
temperature of the mixture at (x)) calculated from temperatures 
of pure components at (x) and from specific heats of compo­
nents. (T(S) in the programme)
(1 0 ) But, temperature curves of pure components are started 
at (G) not at the (Hot w a l l ) , and the readings of temperature 
are taken at (S) which is (vor,) ft from (G) .
t h e n :
/
h'+’f
/7c »i0
120 / 
T ^ z a N - l a - B r : ^  r r j **
pM  s { [ d ~ k ) J&*  N  j/o c - G ) }
I f )
Specific heats are calculated at average
7 _ _  T & iY ) + f l ( s )
-2
where M(S) is the linear average = J J /  f
The correlation between (Tm ) , 0(S) from Data and T(S) 
is good. Marked on the output.
/  /
I
r
0
Gr / 
L ........
(SIMW 6 )
Calculation of T(S) = Tm was exactly as in (SIMW 5).
Also specific heats were calculated at M(S) + I(s-,y)
2
= ( r f f ,  ( 7 %  (T J )3 -....grads of temp, for pure 
components were calculated as in (SIMB 4) but it was not 
based on (Tm ) from data but on calculated (TS).
(11 ) . f< tr\ _ tzof M ' -  77,,+')
H(S) the heat rate through the unit 
C/S in the mixture was based on
g (s ,y ).
H(S)'=X( S , l )-H(S ' 1) + X(S,2) -H(S ,2)  +
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(1 2 ) A s in case of (TS) where the heat increments in pure 
gases, on reaching equilibrium at (Tm ) had to add to (zero).
and 7 "/$) s: FAjfr.- . . . .  then in similar way.
. c rfor a very short distance (t>x) *.
are the increments of temperature in pure gases over (Tg)
In mixture it will be:
/  J  T s ) Y '  . . .
0  JC - - ♦ • which is the equilibrium
temperature increment.
Therefore summing up the heats increments against the 
equilibrium:
or
^  f f  - [ ( g j p * °
^ f f  { = o
f . <r—. OJC
or as in the programme:
f  e / r \  _  / p ' \  p s  , _  M X ( s , v ) -  M s ,y ) .e /s ,y ) _
( d * j m ~ (  * / '  '  "  j £ s (< s , y j . c / s e i'J
The correlations are good and are marked on the output:
T(S), 0(S) which is (Tm ) from Data, D(S) which is (Tm ') 
from Data, P(S), H(S), and J(S)
(J(S) is the linear representation of (T *)
3
as in equation: p { SJ  =  ^  y  /  / /
In the programme:
(SIMB 7) was the same as (SIMB 6 ) but intermediate stage 
was shown in the o utput.
(SIMB 8 ) like (SIMB 6 )
The only modification was to check the heat transferred
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through the mixture H(S) = X ( S „Y)kH(S f Y)
how it would be affected, if the temperature gradients in pure
components (in the element of volume) were assumed equal to
(Tm f)=P(S) as was already discussed under (6 ) above.
The value of H(S) was obtained slightly lower than in (SIMB 6 ). 
The other correlations are the same as in (SIMB 6 ).
(SIMW 9)
Here a correction faction was used on the gradient of 
temperature in pure gas.
In fact the gradient from the other end of the element 
(Jx •1 ) was used
/
where: A(S) = X ^ ' + x ^  ’+X,,T '
or as in the programme:
2 FOR Y= 1 TO 4 S t  M W  /  .
4 R E A 0 K < Y ) ,  N ( Y ) ,
6 NEXT Y
10 READ VI7
30 READ Nbft \6ft  \( ( I 0 ) ftNRft
31 IF N5 = 4 4  THEN 10 
40 FOR G=0 TO 10
42 READ 'A C G)
4 4  LET L ( G ) = G / 1 2 0
46  NEXT G
4« FOR G=0 TO 10
50 FOR Y =1 TO 4
52  LET ZCGftY) = K ( Y ) * M( G) t N( Y>
54LET I ( Gft Y) = ( ( 1 -  12*LC G ) ) +N6T C N C Y) + 1 ) + 12 + LC G)*N C 1 0 ) t ( ,N < Y ) + 1 ) ) r ( 1 /  ( iM < Y ) + :
5 6 LET k < Gft Y ) = 12* CNCY)
56  LET RC Gft Y) = 1 2* ( N ( 1 0 ) t < N( Y ) + 1 ) -N 6t  (N ( Y ) + I ) ) /  ( CN < Y ) + 1 ) G) t,\J ( Y ) )
60 NEXT Y 
62 (NEXT G 
64 FOR G= 0 TO 10 
66 READ DC G)
68 LET C< Gft 1 ) = 4 . 9 7
70 LET CCGf t 2>=6 . 1 5 + 0 . 0 0 9 1 6 * C I ( Gf t 2 ) + M< G) ) / 2  
72 LET CC Gft 3 )  = 6.  5 + 0 .  0.01+ < I C Gft 3 ) +MC G) ) / 2
74  LET CCGft4) = 4 .  18 + 0 .  0 0 6 6 7 * (  I ( Gft4 ) + M ( G ) ) / 2
76 NEXT G 
78 FOR 6= 0 TO 10
8 0  FOR Y=1 TO 4
8 2. READ X( Gft Y >
88  LET F ( Gf t Y) =-N8/ ZCGft Y)
90  NEXT Y 
92 NEXT G
9 4 FOR G = 0 TO 10
9 6 L ETA C G ) = X ( Gft 1 ) * F C G ft 1 ) + X ( Gft 2 ) * F < Gft 2 ) + X ( Gft 3 ) * F ( Gft 3 ) + X ( Gft 4)  * F ( G > 4 )
108 LET C < Gft 5 )  = X( Gft 1 ) *  IC Gft 1 ) * C < Gft 1 ) + X C Gft 2 ) * I C G, 2 > * C C Gft 2 >
1 10L E TC( Gft 6 > = C( 6 ,  5 ) + X ( G* 3 ) *  1 ( G, 3 ) *  C < Gft 3 ) + X( Gft 4 > * I ( 6ft 4 ) *  C < Gft 4)
112 LET GC Gft 7)  = X(Gft I ) *C(Gft 1 ) +X C Gft 2 ) +C(Gft 2 ) +X(Gft 3 ) *C(Gft 3 )+X< Gft 4 ) *CC Gft 4)  
LET G(G)=CCGft 6) -M( G) *C( Gf t  7 )
LET T( G)=CCGftR) /CC6 , 7 )
NEXT G
PRINT N 7 , N 5ft N 6ft N( 10 > f t \ 8 ft 
PRINT
FOR G = 0 TO 10 
Pk IN T M<G) ft DC G) ft ICG)  
vJEXT G 
PRINT
FOR G = 0 TO 10 
FOR Y=1 TO 4 
Pr INT GftZCGftY)
NEXT Y 
NEXT G 
PRINT 
GO TOv 30
1 1 4 : 3 0
1 1 4
1 1 6 
1 I 8
I 44
1 4 6 
1 48 
1 50 
I 52  
1 54  
188 
1 90  
1 91 
1 92  
1 93  
1 9 4 
1 Q 5
C C G ) ft A C G )
t* ( Gft Y ) ft I C Gft Y).»h:C6ftY )
5  I  'Yi 'a G26 5 A 2 2 / 0 2 / 7  2
20 M( Cr)
1 5 6 2 .  2 68 ,
TCCr)
2 8 9 . 6 0 6 20  7.  09 3!
5 6 2 . 2 6 8 - 2 5  7 4.  68 5 62* 2 6 8 - 5.  3 4 0 5 8 E - 05 - 3 2 5 0 . 6 5
5 4 0 . 3 7 7 - 2 6 7 9 . 1 4 5 3 9 . 6 6 3 - 4 .  I 5 1 2 9 - 3 4 2 H . 1
5 1 7 . 6 7 3 - 2 7 9 3 . 9 5 6 1 6 . 3 9 6 - 6 . 8 4 5 2 6 - 3 6 2 2 . 1
4 9 3 . 7 6 7 - 2 9 1 9 . 3 6 492* 38 - 8 .  0 6 6 2 2 ' - 3 8 3 6 . 1 6
4 6 9 . 0 19 - 3 0 2 0 . 3 8 4 6 7 . 4 7 2 - 8 . 9 6 6 4 6 - 4 0 1 9 . 6 5
4 4 3 . 3 9 5 - 3  1 2 9 . 2 4 4 4 1 * 0 / -  1 0 .  5 3 9 - 4 2 2 2 . 8  5
41 6« 65 - 3 2 8 9 . 5 4 4 1 4 . 6 3 7 - 1 1*618 - 4 5 1 8 . 7 6
3 8 8 . 4 3 1 - 3 4 8 2 .  99 38 6 .  4 1 5 - 1 1 .  6 4 6 2 - 4 8 8 8 .  42
3 5 8 . 4 3 2 - 3 7 1 6 . 9 6 3 5 6 . 5 3 4 - 1 0 . 9 5 9 1 - 5 3 5 3 * 3
3 2 6 .  1 2 1 —4 0 3 7 . 6 4 3 2 4 .  5 0 4 - 9 . 3 2 8 9 3 - 5 9 9 7 .  65
2 8 9 . 6 0 6 - 4 7 2 5 . 8 8 2 8 9 . 6 0 6 - 3 .  6 2 3 9 6 E- 0i5 -  7 4 4 2* 61
H O *  Y= ! 1 0  4 S  I M W  JL  ♦
4 READ K ( Y ) * N C Y )
6 V EXT Y
10 RH AO M 7 '
30 READ N 5* N 6* N ( I 0 ) *NR 
3 I IH N b = 4 4 THEN ll*.
3 4 H O ft Y = I 10 4
3 6 L E I  Q ( Y ) = I 2 * *  ( Y ) * < N 6» < N C Y ) + ] ) -  N < 1 (’ ) t ( \« ( Y ) + 1 ) > /  ( V < Y > + I )
3« NEXT Y
40 HO ft 0=0 10 10
42 t tAO M ( G)
46 NEXT G
4*  HO-t G = 0 TO 10
bO H 0 ft Y = I TO 4
52 LET Z('G* Y) =•< ( Y ) *M( G) t \ {  y )
5 6 LET K(G*  Y ) = 12*  <N< 1 0 )  t <N( Y > + 1 ) -N 6* ( N ( Y ) + 1 > > /  < ( N < Y ) + 1 ) * Yi ( G) ».v ( Y ) )
5*  LET P ( G * Y ) = Q ( Y ) / k ( G * Y )
60 NEXT Y 
62 NEXT G 
(~i4 FOR G= 0 TO 1(1 
66 f t A O  0 ( G)
7 6 N E X 1 G
7*  H Ok G=0 TO 10
R 0 FOR Y =1 10 4
R2 k EAO X ( G* Y)
R 4 LE I  H( G* Y ) = - * <  Y ) * l)< G) *M( G) t \ (  Y)
R 6 LET S C G * Y ) = ^ ( G * Y ) / Q (  Y)
9 0 NEXT Y 
92 NEXT G 
9 4 FOR G=0 TO 10
9R LET a ( G > = X ( G * 1 ) * 0 (  ! ) + X. ( G» 2 ) * 0(  2 )  + X ( G* 3 ) * Q( 3> +X ( G* 4)  * 0 (  4 )
100 LET h ( G > = X ( G * 1 > * H ( G , | ) + X ( G * 2 > + H ( G , 2 > + X ( G > 3 > * H C G * 3 > + X ( G * 4 ) * P ( G * 4 )
I 02 L E I  U( G> = X( G> 1 ) *0< 1 ) /  k (  G* 1 ) + X ( G* 2 ) * 0 ( 2 > /  R C G* 2 ) + X ( G* 3 ) * 0 ( 3 ) /  k  ( G* 3 )
104 LEI  V( G) = I K G ) + X ( G * 4 ) + Q ( 4 ) / N ( G * 4)
106 LET J ( G ) = D ( G ) * V ( G )
I ^R NEXT G
I 20 LET N9=< J ( 0 ) +J< 1 ) + J ( 2 ) +J ( 3 ) +J< 4 ) + J ( 5 ) + J< 6 ) +J (  7 ) + J ( R ) + J ( 9 ) + J (  10 ) ) /  1
122 HO it G = 0 TO 10
124 FOR Y =1 TO 4
126 LET E ( G * Y ) = - N 9 / Z ( G * Y )
12R NEXT Y
130 NEX 1 G
132 HOk G=0 TO 10
134 LET 0 ( G ) = N 9 /  V ( G )
136 LET P ( G ) = X ( G * l ) * E ( G * l )  + X ( G * 2 )  + E ( G » 2 ) + X ( G * . 3 ) + E ( G * 3 )  + X ( G * 4 ) * L ( b > 4 )  
13R Me. XT G 
140 Pk INT N 7 
142 Pk INT
144 Pk I V I  N 5 , N Q * 0 (  1 ) *  0 ( 2 ) *  0 ( 3  >
146 PRINT
14R HOR G = 0 TO 10
150 PRINT G * 0 ( G ) * a ( G ) * h ( G ) * H<G)
152 NEXT G
154 P K l N l
IRR FOR G = 0 10 10
190 FOR Y = I i 0 4 •
191 PR INF G* P ( G* Y ) * E ( G* Y ) * 5 ( G* Y ) * h C G* Y )
192 NEXT Y
193 N t X T  G
194 PRINT
195 GO 10 30
SIM a 2 1 5 : 5 4  G265 A 2 5 / 0 2 /  72
2Q
1 2 73.  0 7R 3 4 7* 641
u M
2 R 2 . 143 '
DO.6401 „  .
t t f f )
2 6 1 . 1 4R c '
6 5.  1 1R *
0 - 2 6 29 - ^ 2 ^ 2 . 9 6
1 - 2 7 7 R . 69 2 7 9 . b R 7 2 6 3 . 2 9 4 -  4b21•  6R
2 - 2 R 7 3 . R3 2 7 7 . 0 3 3 2 6 5.  4R 7 - 4 7 7 6 .  19
3 - 2 9 7 R . 19 2 7 4 . 5 9 3 2 6 7 . 6R3 - bO 5R.
4 - 3 0 7 0 . 4 3 7 4 . 29R 2 6 R . 629 - 5 3 0 0 . 4
5 - 3  1 70.. 7 6 3 7 4 . 2R6 2 6 9 . d02 - 5 5 6R • 3 4
6 - 330 ' 3 .  43 2 7 2 . R 0 1 2 7 1 . 929 -  b 9 5 R . b 4
7 - 3 4 S R . 23 2 7 1 . 2 / • 2 7 b . 032 -  6 4 4 b • 9 9
R - 3 6 4 2 . 1 9 2 6 9 . 7 2 5 2 7 R . 6 R 4 - 7Ob9.  2 4
9 - 3 RR7 . R 2 6 6 .  1 9 1 2R 3 • 6(12 • - 7 9 0 R . 5
1 0 - 4 3 1 R . 13 25 7. 6 7 2 9 R . R 6 3 - 9 R 13* 99
1 5 0
NEW FILE NAME-- SIMB 3 
READY-
TAPE
READY.
2 FOR Y=t  TO 4
4 READ KCY)*NCY)
6 NEXT Y 
10 READ N 7
30  READ N5#N6#NC 1 0 ) # N 8
31 IF N 5 = 4 4 THEN 10 
3 4  FOR Y = 1 TO 4
3 6  LET Q( Y)= 12 + KC Y ) * ( N 6 t  (\*C Y) + l ) - N (  1 0 )  t (N(  Y) + 1 ) ) / ( N (  Y ) + 1 )
38 NEXT Y 
40  FOR G= 0 TO 10 
42  READ M(G>
4 6  NEXT G
48 FOR 6=0  TO 10
50  FOR Y =1 TO 4
5 2  LET ZCG#Y) =K<Y) *M( G) »N( Y)
5 6 LET R ( G# Y > = 1 2* C N C 1 0 ) t ( N C Y ) + 1 ) -N 6 1 ( N < Y ) + 1 ) ) /  ( ( N ( Y ) + 1 ) * MC G ) t N C Y ) )
58 LET PC G# Y) = GC Y)/RC G# Y)
60 NEXT Y 
62 NEXT G 
64 FOR 6=0  TO 10 
66  READ DCG)
76  NEXT G
7 7 FOR G=0 TO 9
78 FOR Y = 1 TO 4
79 LET VCG#Y) =12 0*CNC1 0 ) t CNCY>+1 ) - MCG) t CNCY) +1 ) )
8 0  LET C ( G # Y ) = V<G#Y) / ( ( 1 0 - G ) * CN( Y) + 1 ) *MCG)tN( Y ) )
81 NEXT Y
8 2  NEXT G
8 3 FOR Y = 1 TO A
84  LET C< 10# Y) = DC 10)
85  NEXT Y
8 6 FOR G = 0 TO 10
87  FOR Y=1 TO 4
88  READ X( G# Y)
8 9  LET H( G# Y) = - K( Y) * CCG# Y) * MCG) t N( Y)
90  LET SCG#Y)=HCG#Y) / QCY)
91 NEXT Y
92 NEXT G
9 4 FOR G = 0 '10 10
98 LET W C G)= X C G# 1 ) *QC 1 ) + X C G# 2 ) * 0 C 2 ) + X C G# 3 > * 0 C 3 ) + X C G# 4 ) * Q C 4)
1 00 LET H C G) = X C G# 1 ) *H C G# 1 ) + XC6 # 2 ) * HCG# 2 ) + XC6 # 3 ) * HCG# 3 ) + XCG# 4 ) * KCG# 4 )
1 02  LET UC G) =X C G# 1 ) * 0 C 1 ) *CC G# 1 ) /  k C G# 1 ) + X C G# 2 ) * 0 C 2 ) * C C G# 2 ) /  RC G# 2 )
104 LET IC G)=XC G# 3 ) * 0 C3 ) *CC G# 3 ) /KCG# 3 ) +XC G# 4 ) *QC4 ) *CC G# 4)/rtC G# 4)
106 LET J C G)= UCG) + IC G)
1 18 NEXT G
120 LET N9=CJC 0) +JC 1 ) + J C 2 ) + J C 3 ) + J C 4 ) + J C 5 ) + J C 6 ) + J C 7 ) + J C 8 ) + J C 9 ) + J C  1 0 ) ) / 1
122 FOR G = 0 TO 10
124 FOR Y = 1 TO 4
126 LET ECG#Y) =- N9/ ZCG#Y>
128 NEXT Y 
130 NEXT G 
132 FOR G=0 TO 10
134 LET OC G) = XC G# 1)*CCG# 1 ) + X C G# 2 ) * C C G# 2 ) +X C G# 3 ) * C C G# 3 ) + X C G# 4)  * C C G# 4 ) 
136 LET BC G)=XC G# 1 ) *EC G# 1 ) +XC G# 2 ) *£C G# 2 ) +XC G# 3 ) *EC 6# 3 )+XC G# 4 ) *EC G# 4)  
138 NEXT G 
140 PRINT N7 
142 PRINT
\AA PRINT N5#N9# OC 1 )# OC 2)  # OC 3)
146 PRINT 
148 FOR G=0 TO 10
150 PRINT WCG)#HC6 ) # J CG) # OCG) # BCG)
154 PRINT
188 FOR G = 0 TO 10
190 FOR Y =1 TO 4
191 PRINT G> PC G> Y ) * EC G> Y) * SC G* Y) >HC G* Y)
192 NEXT Y
193 NEXT G
194 PRINT
195 GO TO 30
SIMW 3 17 : 43  G265 A 2 5 / 0 2 / 7 2
29
bOC'tir)2 8 2 . 1 ^ 3  /
2 7 9.  58 7
2 7 7. 0 3 3
2 7 4 . 5 9 2
27 4 .  208
27 4.  28 6
2 7 2 . 8 0 1
2 7 1 . 2 7
2 6 Q . 725
2 6 6. 797
2 5 7 . 6 7
/ I / ?
28 6.  8 78
28 2 .
2 8 1 . 6 3 7  
28 1 . 0 29  
28(1.  388  
28 2 . 0 Q 5 
2 8 4 . 6 6 5  
28 6.  327
2 8 8 . 5 8 3  
2 9 2 . 1 5 1
2 9 7 . 7 6 9
2 9 8 . 8  63
3 4 7 . 6 4 1
282. , 1 43 
281*637 
28 t . 0  29  
2 8 0 . 3 8 8  
2 8 2 . 0 9 5  
28 4.  6 65 
2 8 6 .  32 7 
2 8 8 . 5 8 3  
2 9 2 . 1 5 1  
2 9 7 . 7 6 8  
2 9 8 . 8 6 3
50.  6 40.1
- Z l Z A . t P ^ )
- 2 8  0. 7 . 7 6 
- 2 8 9 8 . 9 2  
- 2 9 9 9 . 5  
- 3  1 1 4.  95  
- 3 2 5  1 . (’8
- 3 41 1 . 8 1  
- 3  60 6.  b2 
- 3 8 5 5 . 7 7
- 4 2 1 2 . 0  3 
- 4 7 2 5 . 8 8
65 * 1 18 4
- 4 5 09 » 9 4 
- 4 7 5 0 • 2
-  5 0 1 7 . 5 7  
- 5 3 1 ^ * 0 9
- 5 5 6 8 .  2 8
-  5 8  6 9 .  7 6
- 6 2 5 9 .  6 7
-  6 7  7 1 . 7 b
-  7 4 1 6«
- 8 3 0 8  • 1 R
- 10 3 10.
152
NEW FILE NAME--SIMW 4 
READY.
TAPE
READY. 1
2 FOR Y =1 TO 4
4 READ KCY)ftN(Y)
6 NEXT Y
10 READ N7
30  READ N5ftN6ftNC10) f tN8
31 IF N 5 = 4 4  THEN 10 j  
3 4  FOR Y =1 TO 4
3 6 LET G(Y)  = 12*K(Y)*( N6T( i MCY> + n -  N(  1 0 ) t CN C Y ) + 1 ) ) /  C N C Y ) + 1 )
38 NEXT Y
40 FOR G = 0 TO 10 
42 READ MCG)
4 6  NEXT G
48 FOR G= 0 TO 10
50 FOR Y =1 TO 4
52  LET ZCGftY) = KCY>*MCG) t NCY>
5 6 LET RC Gft Y) = 1 2 * C N( 1 0 ) r c N ( Y) + 1 ) - N 6 t  <N C Y) + 1 ) ) / ( ( N C Y) + 1 ) *M( G) t N ( Y) )
58 LET PCGftY)=QCY)/KCGftY)
60 NEXT Y 
62 NEXT G 
64 FOR G= 0 TO 10 
66  READ DC G)
68 NEXT G 
70 FOR G=0 TO 9
72 FOR Y=1 TO 4 '
74 LET T = G +1
79 LET VCGftY) = 1 2 0 * CMCT) tCNCY) + l ) -MCG)tCNCY)  + l ) )
80  LET CCGftY)= VCGftY) / CCNCY)+1 ) * MCG) t NCY) )
81 NEXT Y
8 2  NEXT G
8 3 FOR Y = 1 TO 4
8 4  LET CC1 0 , Y ) = D ( 10)
85  NEXT Y
8 6  FOR G=0 TO 10
8 7 FOR Y = 1 TO 4
88  READ XCGftY)
89  LET HCGft Y)=-KCY)*C(Gf tY)*MCG)tNCY)
90 LET SCGftY)=HCGftY)/OCY)
91 NEXT Y
92 NEXT G
94 FOR G= 0 TO 10
98 LET WCG)=XCGft 1 )*QC 1 )+XCGft2)*0C2)+XCGft3)*QC3)+XCGft  4)*QC 4)
1 00  LET H C G) =X ( Gft 1 > *H C Gft 1 ) +X C lift 2 ) *H C Gft 2)  +X C Gft 3 ) *H < Gft 3 ) +X C Gft 4 ) *H C Gft 4 )
102 LET UC G)=X C Gft 1 ) * QC 1 ) *CC Gft 1 ) /RC Gft 1 ) +X C Gft 2 ) * 0 C 2 ) * C( Gft 2 ) / RC Gft 2 )
104 LET IC G)=X C Gft 3 ) *OC 3 )*CC Gft 3 ) / RC Gft 3 ) +XC Gft 4 ) *QC 4 ) *CC Gft 4) / RC Gft 4)
106  LET J ( G) = U( G) + I CG>
118 NEXT G
120 LE I N 9 = ( JC 0 ) + JC 1 ) +JC 2 ) + JC 3 ) + JC 4 ) + J C5 ) +JC 6 ) + JC 7 ) + JC 8 > + JC 9 ) + JC 1 0 ) ) /  \
122 FOR G = 0 TO 10
124  FOR Y =1 TO 4
126 LET ECGftY)=-N9/ZCGftY)
128 NEXT Y 
130 NEXT G 
132 FOR G = 0 TO 10
134 LET OC G) = XC Gft 1 ) *CC Gft 1 ) +XC Gft 2 > * CC Gft 2 ) +XC Gft 3 ) *C< Gft 3 ) +XC Gft 4 ) * C< Gft 4)
136 LET BC G) = X( Gft l )*ECGft 1 ) +XCGft2 ) * E ( Gft2 ) +XCGft3 ) *  ECGft3 ) +X( Gft 4 ) * ECGft 4)
138 NEXT G 
140 PRINT N 7 
142 PRINT
144 PRINT N5ftN9ftOC1 )ftOC2)f tQC3)
146  PRINT l s 3
148 FOR G = 0 TO 10
PPT.MT DC Rl  .HC G)ft JC G)ftOC G)ft RC G)
152 NEXT G
154  PRINT
188 FOR G=0 TO 10
190 FOR Y =1 TO 4
191 PRINT G*PCG*Y) *E( G*Y) *SCG*Y) *HCG*Y)
192 NEXT Y
193 NEXT G
194  PRINT
195 GO TO 30
KEY
, READY.
RUN
SIMW 4 1 8 : 3 6  G265 A 1 8 / 0 2 / 7 2
5 0 . 6 4 0 1  6 5 . 1 1 8 4
- 2 5 9 3 .  3 3 ^ * ^  - 4 3 4 2 '
- 2 6 9 8 . 3 7
29
1
w
2 8 2 . 1 4 3  
2 7 9 .  58 7 
2 7 7 . 0 3 3
2 7 4 . 5 9 2  
2 7 4 .  298  
27 4.  28 6
2 7 2 . 8 0 1
2 7 1 . 2 7
2 6 9 . 7 2 5  
2 6 6 . 7 9 7
2 5 7 . 6 7
2 7 6 . 2 0 5
2 6 3 .  4 6 6  
2 6 5 . 6 6 4  
2 6 7 . 8 5 5  
2 6 « . 3 6 9
2 6 9 . 1 7  
2 7 1 . 6 0 1
2 7 4 . 4 5 7
2 7 7 . 9 2
2 8 3 . 1 2 2  . 
2 9 7 . 7 6 9  
2 9 8 . 8 6 3
34 7 . 64 1
2 6 3 . 4 6 6  
2 6 5 . 6 6 4  
2 6 7 . 8 5 5  
2 6 8 . 3 6 9  
2 6 9 . 1 7  
2 7 1 . 6 0 1  
2 7 4 . 4 5 7  
2 7 7 . 9 2  
2 8 3 . 1 2 2  
2 9 7 . 7 6 9  
2 9 8 . 8 6 3
-2 8 13.15 
-2920.!7 
-3018.84 
- 3 1 4 4 . 75 
-3309.2 
-3505.61 
-375 7. 67 
- 4 2 1 2 . 9 3  
-4725.88
-  4b 7 3 4 7
- 48 39 8 9
-  b 1 1 6 39
- 5 3 6 1 1 1
- 5 6 3 2 1 2
-  6 9 2 6 78
- 65 1 9 8 2
- 7 1 40 1
- 7 9 9 9 08
- 9 9 2 6 4
154
NEW FILE NAME- - SI  MW 5 
READY.
TAPE
READY.
2 FOR Y=1 TO A 
A READ KCY)*NCY>*
6 NEXT Y 
10 READ N 7
30 READ N 5* N 6* N( 10) *  N8 *
31 I F N5 = 4 4  THEN 10 
40  FOR 5=0  TO 10
42  READ OCS)
43 NEXT S
4 4  FOR S=0 TO 10
45 READ DCS)
46  NEXT S
48 FOR S= 0 TO 10 
50  FOR Y = 1 TO 4 
52  READ X C S* Y )
54  NEXT Y 
56  NEXT S
58 FOR S= 1 TO 10
59 LET MCS ) = N6 - S * CN6 - NC1 0 ) ) / 1 0
60 NEXT S
61 LET TC 0 ) =N 6
62 FOR S = 1 TO 10
63 FOR Y = 1 TO 4 
65 LET G = S -  1
6 6 LET I C S* Y) = C C C 9 - G)  *TC G) t CMC Y) + 1 ) +N C 1 0)  f CN< Y) + 1 > ) /  C 10 - G)  > t C 1 /  CN C Y>*j) 
68 NEXT Y i
70 LET CCS* 1 ) = 4 .  97
72 LET CCS*2 ) = 6 . 1 5 + 0 . 0 0 9 1 6 * C I C S * 2 ) + MC S ) ) / 2
74  LET C C S * 3 ) = 6 . 5 + 0 . 0 0 1 * C I C S * 3 ) + M C S ) ) / 2
76 LET CCS*4 ) = 4 . 1 8 + 0 . 0 0 6 6 7 + C I C S * 4 ) + M C S ) ) / 2
78 LET CCS*5) =XCS* 1 ) * I C S* 1 ) *CC S* 1 ) + X C S * 2 ) * I C S * 2 ) * C C S * 2 )
80  LET CCS* 6)=CCS* 5 ) + X C S * 3 ) * I C S * 3 ) * C C  S*3) +XCS* 4)  * IC S* 4)*CC S* 4)
82  LET CCS*7) =XCS* 1 ) * C C S * 1 ) + XCS * 2 ) * C CS * 2 ) + XC S * 3 ) * CCb * 3 ) + X CS * 4 ) * CC S *  4)  
8 4  LET GC S)=CC S* 6 ) - 0  CS) *CC S* 7)
8 6  LET T C S ) = C C S * 6 ) / C C S * 7)
88 NEXT S
9 6 FOR S = 0 TO 10
98 FOR Y = 1 TO 4
100 LET TC0) =N6
102 LET ZCS*Y) =KCY) *TCS) t NCY)
104 LET F C S * Y) = - N8 / Z C S * Y)
106 NEXT Y 
1 08 N EX T S 
110 FOR S = 0 TO 10
1 12 LET AC S)=XC S* 1 ) -+FC S* 1 ) +X C S* 2 ) * F C S* 2 ) +X C S* 3 ) * FC S* 3 ) +X C S* 4)  * H C S* 4)
1 1 4 NEXT S
115 PRINT N 7* N 5*
116 PRINT
118 FOR S = 0 TO 10
120 LET TC 0 ) =  N 6 
122 LET CCO)=0
124 PRINT CCS ) * TCS ) * 0 C S ) * A C S ) * DCS)
126 NEXT S 
128 PRINT 
140 GO TO 30
KEY
READY.
RUN
155
29 i - r & }
0  ° 5 62. 268
S I M W  5  1 8 : 2 4  G 2 6 5  A
- 4. 15 65 6 539. 662
- 6 . 98807 ' 5 16. 37
-8.45158 492. 31 1
-9. 50 7 1 5 467. 375
-11.2447 441* 443
- 13.03 1 5 41 4. 38 7
-13.9211 386. 0 1 5
-13.7176 3 5 6 .051
-11.6069 324. 1 0 6
-3* 62396E-05 289. 60 6
29 . 2
0 564. 7 67
-5.73093 542. 2  62
-9.83608 5 19. 076
-13.7309 49 5. 1 2 2
- 1 7. 682 47 0. 30 6
-21.2544 44 4* 50 6
-24. 2462 4 17. 587
-26. 4608 389. 341
-27.2004 359. 493
- 2 2 . 2 1 1 2 327. 658
- 2 . 67 0 29E-05 293. 22 7
29 7
0 572. 27 6
- 1. 025 1 6 5 50. 088
-2.09894 527. 1 38
-3.53*93 503. 336
-5.43857 4 78. 5 72
-8.36895 452. 708
- 11. 5856 425. 58 7
-13.9656 396. 98 1
-15.6131 366. 58 1
- 1 6 . 6 6 7 1 333. 9 53
-4. 1961 7E-05 298. 4 4 6
29 i 1
0 574. 8 49
-2* 3 8  624 553. 055
- 4. 80325 5 30. 492
-7. 5 70 1 3 50 7. 06 1
-11.1344 48 2. 63 6
-15.7022 45 7. 07 1
-20.2 67 I 430. 2 2 2
-21.8077 40 1 .843
-18.3961 37 1 .50 7
-11.953 3 38. 632
-3.8147OE-05 302. 3 7
29 1 3
0 578. 618
-2.35772 557. 1 1 9
-4. 50 1 0 5 534. 8 1 6
- 6 . 51 434 511. 603
-8 . 5 1 38 48 7. 35
-10.6458 46 1. 892
-11.729 435. 0 2  1
- 10. 9 43 3 40 6 .452
-9.8538 4 375. 754
-8.196«3 342. 466
-4. 1 961 7E-05 305. 673
1 8 / 0 2 / 7 2
0 ( $ )
562.268 
540.377 
517.573 
'493. 7 67 
469.019 
443.395 
416 * 65 
388. 43 1 
358.432 
326.121 
289.606
-3255.65 
-3432.95 
-3629.31 
-3845.92 
-4031.89 
-4239.13 
-4540.62
- 49 1 6 . 12 
-538 6 . 67
- 6032.83 
-7442.61
-2574.68 
- 2 6 7 9 . 1 4  
-2793.95 
-2919.36 
-3020.38 
-3129.24
— 3289* 54 
-3482.99 
- 3 7 1 6 . 9 6
- 403 7. 6 4 
-4725.88
564.767 
543.238 
520.769 
497.465 
473.327 
448.143 
421.733 
393 . 8 6 6  
364. 1 4 1 
331.43 
293.227
-3213.69 
- 3 3 9 3 . 7 6  
-3510.24 
-3747.32 
- 3 9 6 1 . 0 1
- 4208• 4
- 4515.37 
-488 6 . 46 
-5393.06
- 62 40. 52 
-7788.34
- 2 5 2 9 . 8 3  
- 2 6 3 7 . 1 4  
- 2 7 5 5 . 2 1  
- 2 8 3 7 . 8 2  
- 2 9 5 5 . 4 1  
- 3 0 8 8 . 6 3  
- 3 2 4 9 . 8 3  
- 3 4 3 8 * 35 
- 3 69 5 . 5  
- 4 1 5 5 . 2 4  
- 5 0 1 - 3 . 4 1
572.276 
550.249 
527.469 
503.897 
.479. 44 
454.053 
427.457 
399.246 
369.128 
336. 687 
298.446
-3295.86 
-3452.98 
-361 6 . 5 7 
-3801.86 
-40 1 4. 16 
-4239.71 
- 4 5 7 7 . 7 4  
- 4 9 8 2 . 8 ?  
- 5 4 7 8 . 5 5
- 61 1 7 . 87
- 788 0. 17
-2598.1 6  
-2688* 4 
-2778.65 
-28 78. 7 b 
-2990.81 
-3 1 02. 1 1 
- 3 2 8 0 . 8 9  
- 3 4 8 9 .  8 i,
- J /38 * 4 /
- 4047.3 7 
-5130* 4 4
5 7 4. 8 49 
5 53* 405 
531.199 
508* 18 1 
48 4. 29 4 
459.424 
433.255 
405.082 
374. 239 
340.42 
302.37
- 3 1 9 1 . 8 7  
-3345.53 
-3504.39 
-3691.33 
-3890.39 
-4143.13
- 4 48 4. 32 
-5019.52 
- 5 6 4 4 . 7 2
- 6388. 56 
-7632.4
-252 6' 9 1
-2619 58
-27 09 8 2
-28 1 4 62
-29 18 0- 8
-30 50 8  6
- 3229 54
-3532 1
-3870 0 9
- 42 4 6 5 6
- 4885 4 6
578.618 
557.441 
535.434 
5 1 2 . 5 0 3  
488.534 
4 63. 38 4 
436.675 
408.008 
377. 18 
343.656 
305.673
-3079.33 
-3227.81 
-3395.41 
-3586. 7 1 
-3807.76 
- 40 6 6 . 9 7 
-4422.71 
-483 1 . 99 
-5295.28 
-5982.34 
- 7 1 8 5 . 7 3
-249 4. 0 4
- 258 8 -* b 4 
-2693.18 
-28 1 0 . 2 1
- 2942. 42 
-3093.59 
- 3 3 1 6 . 5 7  
-3563* 3 
-383b.64
- 4209.9 
- 4 9 0 6 *  1 4
2 FOR Y = 1 TO 4 S / f t l < f  €  ,
A READ K ( Y ) , \ ' ( r ) ,
6 NEXT Y 
I P READ N 7
3P READ N 5 # N 6 # N ( 10 > , N « ,
31 IF N5=44  THEN IP 
34 FOR Y =!  TO 4
3 6 LET OC Y) = 1 2 * K (  Y ) * ( N 6 »  (N(  Y > + 1 ) - N (  1 0 ) t < N < Y ) + 1 ) ) /  ( N ( Y ) + 1 )
38 NEXT Y-
4P FOR 3 = 0 TO IP
42 READ 0 ( 3 )
43 NEXT S
44 FOR S=P TO 10
45 READ DCS)
46 NEXT S
48 FOR S=0 TO 10
50 FOR Y =1 TO 4
52 READ X (3# Y )
54 NEXT Y 
56 NEXT S
58 FOR S=P TO IP
59 LET M C S ) = N 6 - S * ( N 6 - N ( 1 0 ) ) / 1 0
60 NEXT 3
61 LET T ( 0 ) =  N 6
62 FOR 3=1 TO IP
63 FOR Y =1 TO 4
65 LET 6= S - 1
66 LET I ( S> Y ) = ( C ( 9 - G) *  T ( G > r C N ( Y ) + 1 ) +N ( 1 0 ) t ( N ( Y ) + 1 ) ) /  < 1 0 -  G ) ) » C 1 /  ( s\ ( Y ) + 1 
68 NEXT Y
70 LET C(S# 1 ) = 4 • 9 7
72 LET C ( 3 # 2 ) = 6 . 1 5 + 0 . 0 0 9 1 6 * ( I ( S#2 ) + M ( S ) ) / 2
74 LET C(S#3)  = 6 . 5 + 0 . 001 * (  I (3 # 3 )+ M( 3 ))X2
76 LET C( 3# 4)  = 4.  1 8 + p.  0.0667* < I ( 3# 4 ) +M( 3)  ) / 2
78 LET C( S # 5 ) =X( S# 1 ) *  I ( 3# 1 ) *C(  3# 1 ) + X ( 3 # 2 ) *  1 ( 3 # 2 )  + C ( 3 # 2 )
80 LET C( S # 6 ) =C( 3 > 5 ) + X ( 3 # 3 ) *  I ( 3 # 3 ) * C ( 3 # 3 ) + X ( 3 , 4 ) *  1 ( 3 # 4 ) *C( S# 4)
82  LET C(S*  7 ) = X ( 3 .  1 ) + C( 3# l ) + X ( S # 2 ) * C ( 3 > 2 ) + X ( 3 # 3 ) * C ( 3 # 3 ) + X ( b # 4 ) * G ( 3 # 4 )  
84  LET C ( 3 ) = C ( 3 # 6 ) - 0 ( 3 ) * C ( 3 > 7)
86 LET T ( S ) = C ( S # 6 ) / C (  3# 7)
88 NEXT 3 
90 FOR S= 0 TO 9
92 FOR Y =1 TO 4
94 LET P=S+1
96 LET V ( 3 # Y ) = 1 ? 0 * ( T ( P ) t ( N ( Y ) + 1 ) - T ( S ) t ( N ( Y ) + 1 ) )
98 LET G ( S # Y ) = V ( S # Y ) / ( ( N ( Y ) + 1 > * T ( 3 ) t N ( Y )>
100 NEXT Y
102 NEXT S
104 FOR Y =1 TO 4
106 L E I  G( 10# Y ) = DC I P)
108 NEXT Y 
1 1 0 FOR 3 = 0 10 1 0 
112 FOR Y = 1 TO 4 
114 LET 1 ( 0>=N6
116 LET H ( 3 # Y ) = - K ( Y ) * G ( 3 # Y > * T ( 3 ) »N(Y>
118 LET R ( S # Y ) = H ( S # Y ) / Q ( Y )
119 NEXT Y
120 NEXT S
121 FOR 3=0 TO IP .
122 LET C ( 0 # 1 ) = 4 . 9 7
123 LET C ( 0 # 2 )  = 6.  1 5 + P.  0 0 9 1 6* N6
124 LET C ( 0 # 3 ) = 6 . 5 + 0 . P01*N6
125 LET CC0# 4)  = 4.  1 * +  0 . 0 0 6 6 7 * N 6
126 LET H ( S ) = X ( S » 1 ) + H < 3 # 1 ) + X ( S # 2 ) * H ( S # 2 ) + X ( S # 3 ) * H ( 5 # 3 ) + X ( 3 # 4 ) * H ( 5 # 4 )  
128 LET P ( 3 # 5 ) = X ( S # 1 ) * G ( 3 # 1 ) * C < 3 # 1 ) + X ( 3 # 2 ) * G ( 3 # 2 ) * C ( 3 # 2 )
1 30 LET P( 3# 6)  = P( 3# 5 ) + X (3# 3 ) *G(S# 3 ) * C ( 3# 3 ) + X ( 3# 4)  + G(S# 4 ) * C ( 3# 4)
132 LET P ( 3 * 7 )  = X(3# 1 ) * C ( 3» 1 ) + X ( 3 # 2 ) * C ( S # 2 > + X ( S » 3 ) * C ( S # 3 ) + X ( 3 #  4 ) +  C( 3 # 4 )  
134 LET G( S) = P ( S #  6 ) - U ( 3 ) * P ( S »  7)
136 LET P ( 3 ) = P ( 3 # 6 ) / P ( 3 * 7 )
137 LET J ( 3 ) = X ( 3 # 1 ) * G ( 3 # 1 ) + X ( 3 # 2 ) * G ( 3 # 2 ) + X ( 3 # 3 ) * G ( 3 # 3 ) + X ( 3 # 4 ) * G ( 3 # 4 )
138 LET U < S ) = H ( 3 ) / P ( 3 )
139 NEX I 3
1 5 7
140 PRI NT N 7 , N 5 .
141 PRINT
142 FOR S=0 TO 10
144 PRI NT C ( S ) , T ( S ) , 0 ( S ) , 0 C S > , P ( 5 ) ,
146 NEXT S
148 PRINT
150 FOR 5=0 TO 10
152 PRI NT S , J < S ) , GC5 ) , P ( S ,  6 ) i U (  S ) ,
154 NEXT S 
156 GO TO 30
1 5 8
SIMW6 1 8 : 1 0 G265 A 1 0 / 0 3 / 7 2
29 1
0 5 6 2 . 26£
- 4 .  1 5656 5 3 9 . 6 6 2
- 6 . 9 8 8 0 7 5 1 6 . 3 7
- 8 . 4 5 1 5 8 4 9 2 . 3 1  I
- 9 .  507 I 5 4 6 7 . 3 7 5
- 1 1 . 2 4 4 7 4 4 1 . 4 4 3
- 1 3 . 0 3 1 5 4 1 4 . 3 8 7
-  1 3 . 9 2 1 1 3 8 6 .  0 I 5
- 1 3 . 7 1 7 6 3 5 6 . 0 5 1
- 1 1 . 6 0 6 9 3 2 4 . 1 0 6
- 3 . 6 2 3 9 6 E - 0 5 2 8 9 . 6 0 6
2 7 1 .  971 H f s ) - 2 6 7 6 . 9 1
2 7 1 . 0 6 4  / - 2 7 5 5 . 1 8
2 7 0 . 2 9 5 - 2 8 4 2 . 4 8
2 6 9 . 9 0 6 - 2 9 4 1 . 8
2 7 1 . 7 9 5 - 3 0 5 4 . 2 8
2 7 3 . 9 9 1 - 3 1 8 0 . 2 8
2 7 5 . 0 3 - 3 3 2 6 . 3 1
2 7 6 . 5 7 2 - 3 5 0 0 . 9 9
2 7 8 . 8 8 8 - 3 7 1 5 . 6 7
2 8 0 . 8 1 6 - 3 9 8 7 . 5 9
2 9 8 . 8 6 3 - 4 7 2 5 . 8 8
29 2
0 5 6 4 . 7 6 7
- 5 . 7 3 0 9 3 5 4 2 . 2 6 2
- 9 . 8 3 6 0 8 5 1 9 . 0 7 6
-  13.  7309 4 9 5 . 1 2 2
-  1 7 . 6 8  2 4 7 0 . 3 0 6
- 2 1 . 2 5 4 4 4 4 4 . 5 0 6
- 2 4 . 2 4 6 2 41 7 . 5 8 7
- 2 6 . 4 6 0 8 3 8 9 . 3 4 1
- 2 7 . 2 0 0 4 3 5 9 . 4 9 3
- 2 2 . 2 1 1 2 3 2 7 . 6 5 8
- 2 . 6 7 0 2 9 E - 05 2 9 3 . 2 2 7
2 6 5 . 4 5 8 - 2 6 6 4 . 8 6
2 6 4 . 2 6 4 - 2 7 4 2 . 6 6
2 6 2 . 5 7 3 - 2 8 0 1 . 6 4
2 6 5 . 0 7 8 - 2 9 2 7 . 7 1
2 6 5 . 7 7 1 - 3 0 3 8 . 5 8
2 6 6 . 5 5 1 - 3 1 6 3 . 7 6
2 6 7 . 7 0 9 - 3 3 1 0 . 9 1
2 6 9 . 4 1 1 - 3 4 8 6 .  85
2 7 0 . 3 6 4 - 3 7 0 2 . 0 5
2 6 6 . 4 5 9 - 3 9 7 7 . 1 4
2 9 3 . 7 6 7 - 5 0 1 3 . 4 1
29 7
0 5 7 2 . 2 7 6
-  1. 0 2 5 1 6 5 5 0 . 0 8 8
- 2 . 0 9 8 9 4 5 2 7 . 1 3 8
- 3 . 5 3 8 9 3 5 0 3 . 3 3 6
- 5 . 4 3 8 5 7 4 7 8 . 5 7 2
- 8 . 3 6 8 9 5 4 5 2 . 7 0 8
- 1 1 . 5 8 8 6 4 2 5 . 5 8 7
- 1 3 . 9 6 5 6 3 9 6 . 9 8 1
T t
U s )
5 62 .  
5 40 .  
5 17.  
493 .  
469 .  
443 .  
416 .  
388 .  
3 5 8 .  
3 26 .  
2 89 .
2 68 
377 
573 
767 
019 
395 
65
431
432 
121 
606
5 7 1 . 4 3 9  
4 1 7 . 4 2 9
2 5 5 . 2 5  
1 0 1 . 0 6 9
1 6 3 . 9 7 2  
• 2 5 8 . 3 1 3  
1 7 0 . 3 0 4  
■53 . 827  
6 8 . 9 8 0 4  
3 6 5 . 4 8 9  
■ 3 . 0 5 1 7 6 E - 0 5
5 6 4 . 7 6 7
5 4 3 . 2 3 8
5 2 0 . 7 6 9
4 9 7 . 4 6 5  
4 7 3 . 3 2 7  
4 4 8 . 1 4 3  
4 2 1 . 7 3 3  
3 9 3 . 8 6 6  
3 6 4 . 1 4 1
3 3 1 . 4 3
2 9 3 . 2 2 7
• 7 6 9 . 1 6 5  
• 5 9 4 . 8 5 6  
• 4 0 6 . 8 0 3
- 49 6. 644 
■ 4 5 3 . 0 9 3  
•401.112 
• 3 1 2 . 4 3 9  
■ 2 3 0 . 098
2 7 . 0 1 2 3  
1 1 3 0 . 8 7
- 1. 2 2 0 7 0 E - 0 4
5 7 2 . 2 7 6  
5 5 0 . 2 4 9  
5 2 7 . 4 6 9  
5 0 3 . 8 9 7
4 7 9 . 4 4
4 5 4 . 0 5 3
4 2 7 . 4 5 7  
3 9 9 . 2 4 6
U s )
• 2574 .  68 /
• 2 6 7 9 . 1 4  
■2 7 9 3 . 9 5  
• 2 9 1 9 . 3 6  
• 3 0 2 0 . 3 8  
■ 3 1 2 9 . 2 4  
■ 3 2 8 9 . 5 4  
■3482.  99 
• 3 7 1 6 . 9 6  
■ 4 0 3 7 . 6 4  
■ 4 7 25 . 88
15536 .  
1 5 9 90 .  
16488*  
17049 .  
17635 .  
18285 .  
19112 .  
20120. 
2 1 3 4 6 .  
2 2 8 9 3 .  
2 7 7 2 3 .
• 2 5 2 9 . 8 3  
■ 2 6 3 7 . 1 4  
• 2 7 5 5 . 2 1  
■ 2 8 3 7 . 8 2  
■2955 . 41  
•3088*  63 
■ 3 2 4 9 . 8 3  
•3438*  35 
■ 3 6 9 5 . 5  
■ 4 1 5 5 . 2 4  
• 5 0 1 3 . 4 1
1 5 6 0 6 . 7  
1 6 0 8 4 . 3  
1 6 4 1 1 . 1  
1 7 1 2 9 .
1 7 7 4 9 . 9
1 8 4 4 8 . 9  
• 1 9 3 1 8 .  
2 0 3 3 8  
21 601
■23336 
■30141
• 2 5 9 8 . 1 6  
• 2 6 8 8 . 4  
• 2 7 7 8 . 6 5  
• 2 8 7 8 . 7 5  
• 2 9 9 0 . 8 1  
■3102.  1 1 
• 3 2 8 0 . 8 9  
•3 48 9.  8 4
P C s
/2 6 7 2 . 9 9  
■ 2 7 5 0 . 9 5  
■2 8 3 7 . 8 8  
2 9 3 6 . 7 7  
■3048.  73 
■ 3 1 7 4 . 0 8  
■ 3 3 1 9 . 1 2  
3 4 9 2 - 3 3  
■ 3 7 0 4 . 9 9  
■ 3 9 7 4 . 1 9  
■ 4 7 2 5 . 8 8
■. 1017 48 
■9 . 8 5 3 4 4 E - P 2  
• 9 . 5 2 4 5 2 E - 0 2  
■9. 1 9 0 5 9 E - 0 2  
• 8 . 9 1 5 0 4 E - 0 2  
• 8 . 6 3 2 1 4 E - 0 2  
■8. 28 6 2 5 E - 0 2 
• 7 . 9 1 9 4 1 E - 0 2  
• 7 . 5 2 7 3 6 E - 0 2  
•. 0 7 0 6 6  
• 6.  3 2 3 9 7 E - 0 2 '
j
■ 2 6 6 0 . 9 7  
• 2 7 3 8 . 4 2  !
• 2 8 2 5 . 2 4  
• 2 9 2 2 . 5 6  
• 3 0 3 2 . 8 3  
• 3 1 5 7 . 2 7  
• 3 3 0 3 . 2 6  
• 3 4 7 7 . 6 9  
• 3 6 9 0 . 8 8  
■ 3 9 6 3 . 1 9  
• 5 0 1 3 . 4 1
• 9 . 9 7 5 9 8 E - 0 2  
• 9 . 6 5 0 2 3 E - 0 2  
• 9 . 2 9 3 8 2 E - 0 2  
• 9 . 0 7 0 0 6 E - 0 2  
• 8 . 7 6 3 1 4 E - 0 2  
- 8 . 4 4 2 4 4 E - 02 
•8 * 1 0 4 4 1 E - 0 2  
• 7 . 7 4 6 8 4 E - P 2  
• 7 . 3 2 5 1 9 E - 0 2  
- 6.  7 2 3 3 5 E - 0 2  
- 5 . 8 5 9 6 2 E - 0 2
- 2 6 1 9 . 0 9  
- 2 7 0 5 . 7 7  
- 2 8 0 2 . 2 7  
- 2 9 1 0 . 5 9  
- 3 0 3 3 . 9 4  
- 3 1 7 3 . 6 8  
- 3 3 3 7 . 0 4  
- 3 5 3 2 . 1 3
-15.6131 366.581 369.128 -3738.47 -3770.95
“ 16.6671 333-953 336. 687 -4047.37 -4073.26
“ 4.19617E-05 298* 446 298-446 -5130.44 -5130.44
245.927 -2624.91 -134.282 - 1 6804. 7 - 9* 3897BE-
246.942 -2712.07 -110.922 - 1 728 1 • -9.12649E-
248-671 -2809.12 - 149-928 -17790.5 -8.87394E-
250.624 -2918.1 - 2 0 0 . 8 6 8 -18364. -8 . 6 1 076E-
252.89 -3042.26 -270.402 -19019.7 - 8 .33535E-
256.198 -3182.99 -445.211 - 1 9741 .5 -8.07258E-
257.342 -3347.62 -347.802 -20669.9 -7.71169E-
259.042 -3544.38 -260.726 -21775 . 6 -7.33387E-
261.491 -3784. 36 -199.136 -23118-5 - 6 .93435E-
265.113 -4091.12 -157.836 -24834. 5 -6.50862E-
275.919 -5130.44 - 1.22070E-04 -32043.1 - 5 . 37808E-
’ 29 1 1
0 574.849 574.849 -2526. 9 1 -2570.65
-2.38624 553.055 553.405 -2619.58 -2657. 78
-4.80325 530.492 531.199 -2709.82 -2755.56
“7.57013 507.061 508.181 -2814.62 -2867.13
-11.1344 482.636 484. 294 -2918.08 -2994.14
-15.7022 457.071 459* 424 -3050.86 -3136.13
-20.2671 430.222 433-255 -3229.54 -3302.27
-21.8077 401.843 405.082 -3532.1 -3511.31
-=18.3961 371.507 374.239 -3870.09 -3778.99
-1 1 .953 338-632 340-42 -4246.56 -4128.95
-3. 8 1470E-05 302.37 302.37 -4885.46 - 4885. 46
214.677 -2576.58 -299.185 - 1 7581•7 -8.35107E-
215.503 -2664.27 -260.582 - 18129.4 -8 . 10R37E-
217.333 -2762.73 -310.604 -18713.1 -7.88709E-
219.233 -2875.13 -354.942 - 19379.7 - 7. 64641E-
222.249 -3003.13 -510.677 - 2 0 1 0 2 . 8 -.074228
224. 469 -3146. 34 -569.159 -20932.2 -7.1S751E-
226. 65 -3314.4 -485. 987 -22067.3 - 6 . 8  6348E-
225. 745 -3526. 09 140.01 1 -23643.9 - 6 . 42909E-
227.078 -3797.24 613.472 -25447.3 - 6 .00R97E-
231.699 -4152.18 786. 284 -27604 . 8 -5. 61 1 S7E-
243.26 - 488 5. 46 -9. 1 5527E-05 -32729.4 - 4. 97926E-
29 1 3
0 578.618 578.618 -2494. 04 -2533.45
- 2 . 35772 557.119 557.441 -2588.54 -2624. 37
-4.50105 534 . 8  1 6 535.434 -2693.18 -2726.79
- 6 . 51 434 511.603 512.503 -2810.21 -2843. 25
-8.5138 48 7. 3 5 488* 534 -2942.42 -2977.18
- 10. 6458 461.892 463. 38 4 -3093.59 -3133.09
-11.729 435.021 436.675 -3316.57 '-33 18. 48
- 10.9433 406. 452 408.008 -3563.3 • -3547.91
-9. 85384 375.754 377.18 -3835.64 -3824. 5
-8.19683 342.466 343.656 - 4209.9 -4184-53
-4.19617E-05 305.673 305.673 -4906. 1 4 - 4906. 1 4
189.026 -2539.53 -289.908 - 18638* 2 -7.46122E-
189- 87 1 -2631.04 -262.449 - 19220. 7 - 7. 23489E-
190.923 -2734.13 -244. 8 1 6 - 1 9861 . -7.00176E-
192. 227 -2851.4 -239. 1 5 -20583. - 6 . 7 6082E-
1 93. 84 -2986. 35 -249. 968 -21407.2 -6.S1085E-
1 95. 828 -3143.52 -28 1.878 -22360. - 6 . 25033E-
195.429 -3330.4 - 13. 5624 -23534.8 - 5 . 88909E-
196. 6 6 8 -3560.11 108.226 -24945. 4 -5.54322E-
198* 29 -3840.74 77. 0306 -26434.2 -5 . 1847SE-
202.46 -4205. 61 1 74. 6 8 8 -28813.6 -4.83829E-
207. 245 -4906. 1 4 - 1.220 70E-0 4 -34036. 7 - 4. 22419E-
02
0 2
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
0 2
0 2
02
0 2
02
0 2
02
02
0 2
02
02
02
159
2 FOR Y =1 TO 4 
4 r READ K ( Y ) , N C Y ) ,
6 NEXT Y 
10 READ N 7
30 READ N 5 , N 6 , N C 1 0 ) , NR,
31 I F  N 5= 4.4 THEN 10 
40 FOR S=0 TO 10
42 READ 0 ( S )
43 NEXT S
44 FOR S=0 TO 10
45 READ DCS)
46 NEXT S
4R FOR S = 0 TO 10 
50 FOR Y = 1 TO 4 
52 READ X ( S , Y )
54 NEXT Y 
56 NEXT S 
5R FOR S = 0 TO 10
59 LET M C S ) = N 6 - S * ( N 6 - N C 1 0 ) ) / 1 0
60 NEXT S
61 LET T ( 0 ) =N 6
62 FOR S=1 TO 10
63 FOR Y =1 TO 4
65 LET G = S - 1
66 LET I ( S , Y ) = ( C ( 9 - G ) * T ( G ) t ( N ( Y ) + l ) + N ( 1 0 ) t ( N ( Y ) + l ) ) / ( 1 0 - G ) ) t ( i / ( N ( Y ) + l ) >  
6R NEXT Y
70 LET C ( S , ! ) = 4 . 9 7
72 LET C C S , 2 ) = 6 . 1 5 + 0 . 0 0 9 1 6 * ( I C S , 2 > + M C S > ) / 2
74 LET C C S , 3 > = 6 . 5 + 0 . 0 0 1 * C I ( S , 3 > + MC S > > / 2
76 LET C C S , 4 > = 4 . 1R + 0 . 0 0 6 6 7 * ( I ( 5 , 4 ) + M < S ) ) / 2
78 LET C ( S , 5 ) = X ( S ,  1 ) * I ( S, 1 ) * CC S,  1 > + X ( S , 2 ) * I ( 5 , 2 ) * C ( S , 2 )
R0 LET CC S, 6)  =CC S,  5 ) +XC S, 3 )  * 1 ( S,  3 ) +CC S,  3>+XC S,  4)  * I C 5,  4)  *C(  S,  4)
82  LET CC S , 7 ) =X< S,  1 > * C ( S , 1 ) +XC S , 2 > * C (  S,  2>+X(  S,  3>*C< 5 ,  3> +XC S , 4 > * C ( S , 4 >
84 LET C ( S ) = C C S , 6 > - 0 ( S ) * C ( S , 7)
86 LET T C S ) = C C S , 6 > / C C S , 7)
88 NEXT S 
90 FOR S=0 TO 9 
92 FOR Y =1 TO 4 
94  LET P = S + 1
96 LET V C S , Y ) = 1 2 P * ( T C P > t ( N C Y ) + 1 ) - T C S ) * ( NCY>+ 1 ) )
98 LET GCS, Y> = V C S , Y > / C(NCY> + 1 > * T C S ) » N ( Y > )
100 NEXT Y
102 NEXT S
104 FOR Y =1 TO 4
106 LET G( 1 0 , Y )= DC 10)
108 NEXT Y
121 FOR S=0 TO 10
122 LET C ( 0 , 1 ) = 4 . 9 7
123 LET CC0 , 2 ) = 6 *  1 5 + 0 . 0 0 9 1 6* N6
124 LET CC0 , 3 ) = 6 . 5 + 0 . 0 0 1 * N 6
125 LET CC0 , 4 ) = 4 . 1 8 + 0 . 0 0 6 6 7 + N 6
128 LET P C S , 5 ) = X ( 5 , 1 ) * G C S , 1 ) * C ( 5 , 1 ) + X C S , 2 ) * G ( S , 2 ) * C C S , 2 )
130 LET P ( S , 6 ) = P ( S , 5 ) + X ( S , 3 > * G C S , 3 > * C C S , 3 ) + X C S , 4 > * G C S , 4 ) * C ( S , 4 )
132 LET P ( S , 7 ) = X ( S , 1 ) * C ( S , 1 ) + X ( 5 , 2 ) * C ( S , 2 ) + X ( S , 3 > * C ( S , 3 ) + X ( S , 4 ) * C ( S , 4 )  
134 LET G C S ) = P C S , 6 ) - D C S ) * P C S , 7)
136 LET P ( S > = P ( S , 6 > / P C S , 7)
137 LET J ( S ) = X ( S ,  1 > * 6 ( S ,  1 ) +XC S , 2 > * G ( S , 2 ) +XC S , 3 ) * G ( S , 3 ) + X C  S , 4 ) * G ( S , 4)
138 NEXT S
139 FOR S=0 TO 10
140 FOR Y =1 TO 4
141 LET 7 ( 0 ) =N6
142 LET H CS, Y)  = - K ( Y ) * P C S ) * T C S ) t.M(Y)
143 LET H(S) =XC S, 1 ) *HC S,  1 ) +XC S , 2 ) *HC S , 2 > + X ( S ,  3 ) *HC S , 3 ) +XC S , 4 ) *HC S , 4)
144 NEXT Y
145 NEXT S
146 LET N9 = ( H( O) +HC 1 ) +H( 2 ) +HC 3 ) +HC 4 ) +H( 5 ) +H( 6 ) +HC 7 ) +HC8 >+HC 9 ) +H( 1 0 ) )  /  1 1
147 FOR S=0 TO 10
SIMWH ! 4 : 3 6  G 2 6 5  A 1 7 / 0 3 / 7 2
160
148 FOR Y = 1 TO A
149 LET FCS,  Y ) = - N 9 / <K ( Y ) * 1 < S>»NCY ) )
150 NEXT Y ■ 161
151 NEXT b
152 PRI NT N 7 , \' b * N 9 j
153 PRI NT
154 FOR S=0 TO 10
155 PRINT CCS) f t TC5 ) f t 0CS) , 0< S) f t P< S) f t  
I 56 NEX T ' S
157 PRI NT
158 FOR S=P TO 10
159 LET A ( S ) = X < S ,  1 > + F< S,  1 > + X ( b f t 2 ) * F < b f t 2 >  + X ( S f t 3 ) * F ( b . » 3 > + X ( b f t  4> * F C b ,  4)
160 PRI NT H ( b > , J < S ) f t G CS ) , P ( S , 6 ) > A < S ) ,
16!  NEXT S
162 GO TO 30 , • • V '
SIMW8 1 4 :  59 G265 A 1 6 / 0 3 / 7 2
29
0
- 4 . 1 5 6 5 6  
- 6 *  988P7 
- R . 45158  
- 9 . 5 0 7 1 5  
- 1 1 . 2 4 4 7  
- 1 3 . 0 3 1 5
-  1 3 . 9 2 1  1 
- 1 3 . 7 1 7 6  
- 1 1 . 6 0 6 9
- 3 . 6 2 3 9 6 E - 0 5
2 7 1 . 1 2  
2 7 0 . 1 4 7  
2 6 9 . 3 0 3  
2 6 8 . 8 2 4
2 7 0 . 6 0 6  
2 7 2 . 6 7 5  
2 7 3 . 5 2 1  
2 7 4 . 7 8 8  
2 7 6 . 7 3  
2 7 8 . 1 5 8  
2 9 8 . 8 6 3  
29 
0
- 5 . 7 3 0 9 3  
- 9 . 8 3 6 0 8
-  13.  7309
- 17.68 2 
- 2 1 . 2 5 4 4  
- 2 4 . 2 4 6 2  
- 2 6 . 4 6 0 8  
- 2 7 . 2 0 0 4  
-22.2112
- 2 .  6 7 0 2 9 E- 0  5
2 6 4 . 6 0 9
2 6 3 . 3 4 1
2 6 1 . 5 7 1
2 6 3 . 9 7 3  
2 6 4 . 5 4 8  
2 6 5 . 1 8 4
2 6 6 . 1 2 2
2 6 7 . 5 4 2  
2 6 8 * 1 2 2  
2 6 3 . 7 0 6
2 9 3 . 7 6 7  
29 
0
-  1. 0 2 5 1 6  
- 2 . 0 9 8 9 4  
- 3 . 5 3 8 9 3
1
562# 268
5 3 9 . 6 6 2
5 1 6 . 3 7  
4 9 2 . 3 1 1  
4 6 7 . 3 7 5  
4 4 1 . 4 4 3  
4 1 4 . 3 8 7  
'38 6.  015 
3 5 6 . 0 5 1  
3 2 4 . 1 0 6
2 8 9 . 6 0 6
U s )
- 2 6 7 6  
- 2 7 5 5  
- 2 8 4 2 . 4 8  
- 2 9 4 1 . 8  
- 3 0 5 4 . 2 8  
- 3 1 8 0 . 2 8  
- 3 3 2 6 . 3 1  
- 3 5 0 0 . 9 9  
- 3 7 1 5 . 6 7  
- 3 9 8 7 . 5 9  
- 4 7 2 5 . 8 8  
2 1
5 6 4 . 7 6 7  
5 4 2 . 2 6 2  
5 1 9 . 0 7 6
4 9 5 . 1 2 2
4 7 0 . 3 0 6
4 4 4 . 5 0 6
417.587
3 8 9 . 3 4 1  
3 5 9 . 4 9 3  
3 2 7 . 6 5 8
2 9 3 . 2 2 7
- 2 6 6 4 . 8 6  
- 2 7 4 2 . 6 6  
- 2 8 0 1 . 6 4  
- 2 9 2 7 . 7 1  
- 3 0 3 8 . 5 8  
- 3 1 6 3 . 7 6  
- 3 3 1 0 . 9 1  
- 3 4 8 6 .  85 
- 3 7 0 2 . 0 5  
- 3 9 7 7 . 1 4  
- 5 0 1 3 . 4 1  
7
5 7 2 - 2 7 6  
5 5 0 . 0 8 8  
5 2 7 . 1 3 8  
5 0 3 . 3 3 6
:V X JJ
2 7 4 . 9 7 6  '  
5 6 2 .  268 O U )  
5 4 0 . 3 7 7  '
- 2 5 7 4 .  68 ^ / C /  
- 2 6 7 9 . 1 4  /
pjs)
- 2 6 7 2 . 9 9
- 2 7 5 0 . 9 5
5 1 7 . 5 7 3 - 2 7 9 3 - 9 5 - 2 8 3 7 . 8 8
4 9 3 . 7 6 7 - 2 9 1 9 . 3 6 - 2 9 3 6 . 7 7
4 6 9 - 0 1 9 - 3 0 2 0 . 3 8 - 3 0 4 8 . 7 3
4 4 3 . 3 9 5 - 3 1 2 9 . 2 4 - 3 1 7 4 . 0 8
41 6.  65 - 3 2 8 9 . 5 4 - 3 3 1 9 . 1 2
3 8 8 . 4 3 1 - 3 4 8 2 . 9 9 - 3 4 9 2 . 3 3
3 5 8 . 4 3 2 - 3 7 1  6.  96 - 3 7 0 4 . 9 9
3 2 6 . 1 2 1 - 4 0 3 7 . 6 4 - 3 9 7 4 . 1 9
2 8 9 . 6 0 6 - 4 7 2 5 . 8 8 - 4 7 2 5 . 8 8
- 5 7 1 . 4 3 9 -  I 5 5 3 6 . 5 - 4 3 2 2 . 8 2
- 4 1 7 . 4 2 9 -  1 5 9 9 0 . 4 - 4 5 5 8 . 2 3
- 2 5 5 . 2 5 -  I 6 4 8 8 . 3 - 4 8 1 8 *  95
-101. -  069 -  1 7 0 4 9 . 5 - 5 1 0 6 . 5 7
-  1 6 3 . 9 7 2 -  1 7 6 3 5 . 7 - 5 3 5 3 . 5
- 2 5 8 . 3 1 3 -  1 8 2 8 5 . 3 - 5 6 2 8 *  68
-  1 70.  304 -  1 9 1 1 2 . 4 -  6 0 2 8 . 9 8
- 5 3 . 8 2 7 - 2 0 1 2 0 . 3 - 6 5 2 7 . 5 7
6 8 . 9 8 0 4 - 2 1 3 4 6 . 3 - 7 1 5 2 . 3 6
3 6 5 . 4 8  9 - 2 2 8 9 3 . 4 - 8 0 1 0 . 3 3
- 3 . 0 5 1 7 6 E - 0 5 - 2 7 7 2 3 . 2  • - 9 8 8 2 . 2 2
2 6 7 . 4 9 9  
5 6 4 . 7 6 7 - 2 5 2 9 . 8 3 - 2 6 6 0 . 9 7
5 4 3 . 2 3 8 - 2 6 3 7 . 1 4 - 2 7 3 8 . 4 2
5 2 0 . 7 6 9 - 2 7 5 5 * 2 1  , - 2 8 2 5 . 2 4
4 9 7 . 4 6 5 - 2 8 3 7 . 8 2 - 2 9 2 2 . 5 6
4 7 3 . 3 2 7 - 2 9 5 5 . 4 1 - 3 0 3 2 *  83
4 4 8 - 1 4 3 - 3 0 8 8 . 6 3 - 3 1 5 7 . 2 7
4 2 1 . 7 3 3 - 3 2 4 9 . 8 3 - 3 3 0 3 . 2 6
3 9 3 * 8 6 6 - 3 4 3 8 . 3 5 - 3 4 7 7 . 6 9
3 6 4 . 1 4 1 - 3 6 9 5 . 5 - 3 6 9 0 . 8 8
3 3 1 . 4 3 - 4 1 5 5 . 2 4 - 3 9 6 3 . 1 9
2 9 3 . 2 2 7 - 5 0 1 3 . 4 1 - 5 0 1 3 . 4 1
- 7 6 9 . 1 6 5 -  1 56 0  6 . 7 -  438 1 • 77
- 5 9 4 . 8 5 6 -  1 6 0 8 4 .  3 - 4 6 2 7 . 2 9
-  4 0 6 . 8 0 3 - 1 6 4 1 1 . 1 -  4 7 8 6 .  1
- 4 9 6 . 6 4 4 -  1 7 1 2 9 . - 5 1 0 9 . 3 5
- 4 5 3 . 0 9 3 -  1 7 7 4 9 . 9 - 5 4 0 0 . 7 1
-  40 1 .  1 12 -  18 448*  9 - 5 7 3 8 . 0 2
- 3 1 2 . 4 3 9 -  1 9 3 1 8 . -  6 1 5 6 . 5 6
- 2 3 0 . 0 9 8 - 2 0 3 3 8 . 4 - 6 6 6 2 . 5 4
2 7 . 0 1 2 3 - 2 1 6 0 1 . 1 - 7 3 5 3 .  26
1 1 3 0 . 8 7 - 2 3 3 3 6 . 9 - 8 5 0 8 . 7 5
-  1. 2 2 0 7 0 E - 0 4 - 3 0 1 4 1 . 3 -  1 0 6 1 9 .  1
2 5 4 . 5 9 6  
5 7 2 . 2 7 6 - 2 5 9 8 .  1 6 - 2 6 1 9 . 0 9
5 5 0 . 2 4 9 - 2 6 8 8 - 4 - 2 7 0 5 . 7 7
5 2 7 . 4 6 9 - 2 7 7 8 . 6 5 - 2 8 0 2 . 2 7
5 0 3 . 8 9 7 - 2 8 7 8 . 7 5 - 2 9 1 0 . 5 9
- 5 . 4 3 8 5 7  
- 8 . 3 6 8 9 5  
- 1 1 . 5 8 5 6
-  1 3 . 9 6 5 6  
-15.6131 
- 1 6 . 6 6 7 1
- 4 .  1 9 6 1 7 E - 0 5
* 2 4 4 . 7 3 8
2 4 5 . 6 6 2  
2 4 7 . 2 8 6  
2 4 9 . 1 1 2
2 5 1 . 2 2 5  
' 2 5 4 . 3 4 5  
2 5 5 . 2 5 2  
2 5 6 .  643
2 5 8 . 6 7 4  
2 6 1 . 6 9 6  
2 7 5 . 9 1 9  
29 
0
- 2 . 3 8 6 2 4  
- 4 . 8 0 3 2 5  
- 7 . 5 7 0 1 3  
- 1 1 . 1 3 4 4
-  1 5 . 7 0 2 2  
- 2 0 . 2 6 7 1  
- 2 1 . 8 0 7 7
-  1 8 . 3 9 6 1  
- 1 1 . 9 5 3
- 3 . 8 1 4 7 0 E - 0 5
2 1 3 . 5 0 6  
21 4.  227 
2 1 5 . 9 3  
2 1 7 . 6 7 7
2 2 0 . 5 0 6
2 2 2 . 5 0 3  
2 2 4 . 3 3 1  
2 2 2 . 9 5  
2 2 3 . 6 6 8  
2 2 7 . 4 1 6
2 4 3 . 2 6  
29
0
- 2 . 3 5 7 7 2  
- 4 . 5 0 1 0 5  
- 6 . 5 1 4 3 4  
- 8 *  5138
-  10.  6458 
- 1 1 . 7 2 9
-  10.  9433  
- 9 . 8 5 3 8 4  
- 8 . 1 9 6 8 3
- 4 . 1 9 6 1 7 E - 0 5
1 8 7 . 8 6 9
188 . 61
1 8 9 . 5 4 2  
1 9 0 . 6 9 9  
1 9 2 . 1 3 3  
1 9 3 . 8 9 6  
1 9 3 . 2 4 8  
194.  1 4 
1 9 5 . 3 9 9  
1 9 8 . 7 4 7
2 0 7 . 2 4 5
4 7 8 . 5 7 2  
4 5 2 . 7 0 8
4 2 5 . 5 8 7  
3 9 6 . 9 8 1  
3 6 6 . 5 8 1  
3 3 3 . 9 5 3
2 9 8 . 4 4 6
- 2 6 2 4 . 9 1  
- 2 7 1 2 . 0 7  
- 2 8 0 9 . 1 2  
- 2 9 1 8 . 1  
- 3 0 4 2 . 2 6  
- 3 1 8 2 . 9 9  
- 3 3 4 7 . 6 2  
- 3 5 4 4 . 3 8  
- 3 7 8 4 . 3 6  
- 4 0 9 1 . 1 2  
- 5 1 3 0 . 4 4  
1 1
5 7 4.  8 49. 
553*  055 
5 3 0 . 4 9 2
5 0 7 . 0 6 1  
4 8 2 . 6 3 6  
4 5 7 . 0 7 1  
4 3 0 . 2 2 2  
4 0 1 . 8 4 3
3 7 1 . 5 0 7  
3 3 8 . 6 3 2
3 0 2 . 3 7
- 2 5 7 6 . 5 8  
- 2 6 6 4 . 2 7  
- 2 7 6 2 . 7 3  
- 2 8 7 5 .  1 3 
- 3 0 0 3 - 1 3  
- 3 1 4 6 . 3 4  
- 3 3 1 4 . 4  
- 3 5 2 6 . 0 9  
- 3 7 9 7 . 2 4  
- 4 1 5 2 . 1 8  
- 4 8 8 5 . 4 6  
1 3
5 7 8 . 6 1 8  
5 5 7 . 1 1 9  
5 34 .  8 1 6 
5 1 1 . 6 0 3  
4 8 7 . 3 5  
4 6 1 . 8 9 2  
4 3 5 . 0 2 1  
4 0 6 . 4 5 2  
3 7 5 . 7 5 4
3 4 2 . 4 6 6
3 0 5 . 6 7 3
- 2 5 3 9 . 5 3  
- 2 6 3 1 . 0 4  
- 2 7 3 4 .  1 3 
- 2 8 5 1 . 4  
- 2 9 8 6 . 3 5  
- 3 1 4 3 . 5 2  
- 3 3 3 0 . 4  
- 3 5 6 0 . 1 1  
- 3 8 4 0 . 7 4  
- 4 2 0 5 . 6 1  
- 4 9 0 6 . 1 4
4 7 9 . 4 4
4 5 4 . 0 5 3
4 2 7 . 4 5 7
3 9 9 . 2 4 6  
3 6 9 . 1 2 8  
3 3 6 .  687
2 9 8 . 4 4 6
- 1 3 4 . 2 8 2  
- 1 1 0 . 9 2 2
-  1 4 9 . 9 2 8  
-200.868 
- 2 7 0 . 4 0 2
-  445 .  21 1 
- 3 4 7 . 8 0 2  
- 2 6 0 . 7 2 6  
- 1 9 9 . 1 3 6  
- 1 5 7 . 8 3 6
- 1 . 2 2 0 7 0 E -  
2 2 2 . 3 6 1  
5 7 4 .  849 
5 5 3 . 4 0 5  
531.199 
5 0 8 . 1 8 1  • 
4 84 .  294 
4 5 9 . 4 2 4  
4 3 3 . 2 5 5  
4 0 5 . 0 8 2
3 7 4 . 2 3 9  
3 4 0 . 4 2
3 0 2 . 3 7
- 2 9 9 . 1 8 5  
- 2 6 0 . 5 8 2  
- 3 1 0 . 6 0 4  
- 3 5 4 . 9 4 2  
- 5 1 0 . 6 7 7  
- 5 6 9 . 1 5 9
-  4 85 .  987 
1 4 0 . 0 1 1  
6 1 3 . 4 7 2  
7 8 6 . 2 8 4
- 9 . 1 5 5 2 7 E-  
1 9 3 . 7 7 5
5 7 8 . 6 1 8  
5 5 7 . 4 4 1  
5 3 5 . 4 3 4
5 1 2 . 5 0 3  
4 8 8 . 5 3 4  
4 6 3 . 3 8 4
4 3 6 . 6 7 5  
4 0 8 . 0 0 8  
3 7 7 . 1 8  
3 4 3 . 6 5 6
3 0 5 . 6 7 3
- 2 8 9 . 9 0 8  
- 2 6 2 . 4 4 9  
- 2 4 4 . 8 1 6  
- 2 3 9 . 1 5  
- 2 4 9 . 9 6 8  
- 2 8 1 • 8 7 8
-  13.  5624
1 0 8 . 2 2 6
7 7 . 0 3 0 6  
1 74.  688
-  1. 2 2 0 7 0 E -
- 2 9 9 0 . 8 1  
- 3 1 0 2 .  1 1 
- 3 2 8 0 . 8 9  
- 3 4 8 9 . 8 4  
- 3 7 3 8 . 4 7  
- 4 0 4 7 . 3 7  
- 5 1 3 0 . 4 4
-  1 6 8 0 4 .  7
-  1 7 2 8 1 .
-  1 7 7 9 0 . 5
-  1 8 3 6 4 .
-  1 9 0 1 9 .  7 
- 1 9 7 4 1 . 5  
- 2 0 6 6 9 . 9  
- 2 1 7 7 5 . 6  
- 2 3 1 1 8 *  5 
- 2 4 8 3 4 .  5 
- 3 2 0 4 3 . 1
- 2 5 2 6 .  9 1 
- 2 6 1 9 . 5 8  
- 2 7 0 9 . 8 2  
- 2 8 1 4 . 6 2  
- 2 9 1 8 . 0 8  
- 3 0 5 0 . 8 6  
- 3 2 2 9 . 5 4  
- 3 5 3 2 . 1  
- 3 8 7 0 . 0 9
-  4 2 4 6 .  56
-  4 8 8 5 .  46
-  1758 1 • 7
-  18 I 2 9 . 4  
- 1 8 7 1 3 .  1 
- 1 9 3 7 9 . 7  
-20102.R 
- 2 0 9 3 2 . 2  
- 2 2 0 6 7 . 3  
- 2 3 6 4 3 . 9  
- 2 5 4 4 7 . 3  
- 2 7 6 0 4 . 8  
- 3 2 7 2 9 . 4
-2494.04 
- 2 5 8 8 . 5 4  
- 2 6 9 3 . 1 8  
- 2 8 1 0 . 2 1  
- 2 9 4 2 . 4 2  
- 3 0 9 3 . 5 9  
- 3 3 1 6 . 5 7  
- 3 5 6 3 . 3  
- 3 8 3 5 . 6 4  
- 4 2 0 9 . 9
-  4 9 0 6 .  1 4
- 1 8 6 3 8 - 2
-  1 9 2 2 0 .  7
-  1 9 8 6 1 .  
- 2 0 5 8 3 .  
- 2 1 4 0 7 . 2  
- 2 2 3 6 0 .  
- 2 3 5 3 4 . 8  
- 2 4 9 4 5 . 4  
- 2 6 4 3 4 . 2  
- 2 8 8 1 3 . 6  
- 3 4 0 3 6 . 7
- 3 0 3 3 . 9 4  
- 3 1 7 3 . 6 8  
- 3 3 3 7 . 0 4  
- 3 5 3 2 . 1 3  
- 3 7 7 0 . 9 5  
- 4 0 7 3 .  26 
- 5 1 3 0 . 4 4
- 4 7 5 4 . 8 2  
- 4 9 8 1 . 5  
- 5 2 1 7 . 5
-  5 48 4.  8 1 
- 5 7 9 1 . 0 8
-  61 16.  48
-  6 6 04 .  1 5 
- 7 1 8 8 . 6 3  
- 7 9 0 3 . 7 1  
- 8 8 2 6 . 0 3
-  1 1 368 .  4
- 2 5 7 0 . 6 5  
- 2 6 5 7 . 7 8  
- 2 7 5 5 . 5 6  
- 2 8 6 7 . 1 3  
- 2 9 9 4 . 1 4  
- 3 1 3 6 . 1 3  
- 3 3 0 2 . 2 7  
- 3 5 1 1 . 3 1  
- 3 7 7 8 . 9 9  
- 4 1 2 8 .  95 
- 4 8 8 5 . 4 6
-  4 9 0 8 .  36 
- 5 1 4 4 . 6 4  
- 5 3 8 8 . 9 4  
- 5 6 7 6 . 4
-  5 9 8 2 .  51 
- 6 3 7 1 . 1 7
-  68 9 5.  8 5 
- 7 7 1 8 . 8 5  
- 8 6 8 0 . 2 7  
- 9 8 2 4 - 1 2
-  1 1 7 3 6 . 8
- 2 5 3 3 . 4 5  
- 2 6 2 4 . 3 7  
- 2 7 2 6 . 7 9  
- 2 8 4 3 . 2 5  
- 2 9 7 7 . 1 8  
- 3 1 3 3 . 0 9  
- 3 3 1 8 . 4 8  
- 3 5 4 7 . 9 1  
- 3 8 2 4 .  5 
- 4 1 8 4 . 5 3
-  4 9 0 6 .  1 4
-  4 8 5 2 .  14 
- 5 0 8 6 . 1  
- 5 3 5 0 . 1 9  
- 5 6 5 1 . 6 3  
- 5 9 9 9 . 9 4  
- 6 4 0 8 . 3 8  
- 6 9 6 8 . 9 3  
- 7 6 1 3 . 8 4  
- 8 3 4 3 . 8 5  
- 9 4 2 6 . 4 5
-  1 1 3 2 2 . 6
1 6 2
OUT OF DATA IN 30
SI MW9 1 6 : 4 1  G2 6 5  A 1 7 / 0 3 / 7 2
1 6 32  FOR Y=1 TO 4 •
4 READ K ( Y ) » N C Y ) i  ■
6 NEXT Y I
10 READ N 7 j
30 READ N5 #N6#NC10>#N8# i
31 i p  Nb = 44 THEN 10 • .
40 FOR 3 = 0 TO 10 ;
42 READ OCS)
43 NEXT 3 1
44 FOR 3=0 TO 10 ;
45 READ IX S)  ' . j
46 NEXT 3
48 FOR S=0 TO 10 •
50 FOR Y=1 TO 4 j
52 READ X( S#Y> j
54  NEXT Y :
56 NEXT 3
58 FOR 3=0 TO 10 ;
59 LET M C S > = N 6 - S * ( N 6 - N C 1 0 ) ) / 1 0
60 NEXT S ’ i
61 LET T C 0 ) =N 6 j
62 FOR S = 1 TO 10 1
63 FOR Y=1 TO 4
65 LET G = 3 - 1 :
6 6  LET IC S# Y)  = C( ( 9 - G ) * T ( G ) t  CNC Y > + 1 )+N(  1 0 ) t ( N ( Y) + 1 ) ) / (  10 - G ) ) t C 1 / CNC Y) + 1 
68 NEXT Y
70 LET C< 3# 1 ) = 4 . 97
72 LET C C S # 2 ) = 6 . 1 5 + 0 . 0 0 9 1 6 * ( I C S # 2 ) + M ( S > > / 2 -  
N 74  LET CC3 # 3)  = 6 . 5 + 0 . 0 0 1  * C I C 3 # 3 ) + M < S > ) / 2  
76 LET C C S # 4 ) = 4 . 1 8 + 0 . 0 0 6 6 7 * ( I ( 3 # 4 ) + M C 3 ) ) / 2  
78 LET C ( S # 5 > = X C 3 # 1 > * I < 3 # 1 > * CC3 # 1 >+XC3 # 2 > * I C 3 # 2 > * C ( 3 # 2 )
80  LET C<3 # 6 ) =CC3 # 3>+X<3 # 3 ) + I C 3 # 3 ) * C < 3 # 3 ) +XC3 # 4 ) * I ( 3 # 4 ) * CC3 # 4 )
8 2 LEI  C ( S # 7 ) = X ( S #  1 ) * C ( 3 #  1 ) + X ( S # 2 ) * C ( S # 2 ) + X ( S # 3 ) * C ( 3 # 3 ) + X ( S # 4 ) + C ( S # 4 )
8 4  LET CC S) =CC S,  6 ) - 0 C  3)  *C(  S# 7 )
86  LET T C S ) = C C S # 6 ) / C C 3 # 7 )
88 NEXT 3 
90 FOR 3=0 TO 9
92 FOR Y =1 TO 4
94 LET P= 3+1
96 LET VCS#Y> = 1 2 0 * C T ( P ) t < N ( Y ) + 1 ) - T C 3 ) t CNCY>+1>)
98 LET GC 3# Y)  = V< 3# Y ) / < CNC Y ) + 1 ) * T<  S) »\'C Y) )
100 NEXT Y 
102 NEXT S 
104 FOR Y =1 10 4
106 LET GC 10# Y ) = DC 10)
108 NEXT Y 
110 FOR S=0 TO 10
1 12 FOR Y =1 TO 4
114 LET R C 3 # Y ) = G C S . Y ) / C N C Y ) + l )
116 NEXT Y 
1 18 NEXT S
121 FOR S = 0. TO 10
122 LET CC P# 1 ) = 4.  97
123 ‘LET CC 0# 2 ) = 6 .  15 + 0.  0 0 9 1 6 * N 6
124 LET C ( 0 , 3 > = 6 . 5 + 0 . 0 P 1 * N6  »
125 LET CC0 # 4 ) = 4 . 1 8 + 0 . 0 P 6 6 7 + N 6
128 LET P ( S # 5 ) = X ( S # 1 ) * G ( S # 1 > * C ( S # 1 ) + X ( S # 2 ) * G ( S # 2 ) * C ( 3 # 2 )
130 LET PCS# 6> = P ( S # 5 ) + X ( S # 3 ) * G ( S # 3 ) * C ( S # 3 ) + X ( S #  4 ) * G ( 3 # 4 ) * C C S #  4)
132 LET PC 3# 7 ) =XC S# l ) * C C 3 # l > + X C S # 2 ) * C ( S # 2 ) + X ( S # 3 ) * C ( S # 3 ) + X ( S # 4 ) * C C S # 4 >
134 LET GC3)=PC 3# 6 ) - U ( 3 ) * P C S #  7)
136 LET P C 3 ) = P ( 3 # 6 ) / P ( 3 # 7 )
137 LET J C S ) = X( S #  1)*GCS# 1 ) + X ( 3 # 2 ) * G C 3 # 2 ) + X ( 3 # 3 ) * G C 3 # 3 ) + X ( 3 # 4 ) * G ( 3 # 4 >
138 NEXT 3
139 FOR 3=0 TO 10
1 40 FO R Y = 1 TO 4
141 LET T CP ) = N 6
142 LET H C 3 # Y ) = - K C Y > * k C 3 # Y ) * T C 3 ) tNCY)
143 LET HC S ) = X (  3# 1) *HC3# 1 ) + X C 3 # 2 ) * H C 3 # 2 ) + X C 3 # 3 ) * H ( 3 # 3 ) + X ( 3 # 4 ) * H C 3 # Z«)
144 NEXT Y •
145 NEXT S !
146 LET N9=(H< C))+H< 1 ) + H < 2 ) +HC3 ) +HC4>+H( 5 ) + H ( 6 ) + H ( 7 ) + H < 8 ) + H C 9 ) +H< 1 0 ) )  /  1
147 FOK 5=0 TO 10
148 FOR Y =1 TO 4
149 LET F<Sf t Y>=“ N 9 / <K<Y) * T < S > » N < Y > >
150 NEXT Y-
151 NEXT 5
152 P R I N T . N 7 , N 5 , N 9 ,
153 PRINT
154 FOR S=0 TO 10
155 PRI NT C ( S ) f t T ( S ) f t 0 ( S ) f tD<S) f t P<S) ft
156 NEXT S f
157 PRI NT
158 FOR S = 0 TO 10
159 LET A ( S ) = X ( S f t  1 ) *F< S,  1 ) + X ( S , 2 ) * F ( S , 2 ) + X < S , 3 ) * F ( S , 3 ) + X C S ,  4 ) * F < S , 4)
160 PRI NT H C S ) , J < S ) f t G ( S ) > P C S f t 6 ) f t A ( S ) f t
161 NEXT S
162 GO TO 30
TAPE 
READY.
200 DATA 3 . * 9 E - 3 f t 0 . 5 4 7 f t 4 . 8 9 1 E - 6 f t 1 . 3 3 , 1 . 3 l l E - 4 , 0 . 8 3 , 1 • P 6 6 L - A , 0 . 8 7 ,
202 DATA 29
204  DATA 1 , 5 6 2 . 2 6 8 , 2 8 9 . 6 0 6 , 2 0 7 . 0 9 3 ,
20 6  DATA 5 6 2 .  2 6 8 ,  5 40 .  3 7 7,  51 7.  5 73,  493 .  7 67,  469 .  01 9,  4 4 3 .  3 9 5 ,  4 16 .  65 ,
208 DATA 3 8 8 . 4 3 1 , 3 5 8 . 4 3 2 , 3 2 6 . 1 2 1 , 2 8 9 . 6 0 6 ,
2 10 DATA - 2 5  7 4.  6 8 , - 2 6 7 9 .  1 4 , - 2 7 9 3 .  9 5 , - 2 9 1 9 .  3 6 , -  3 0 2 0 .  3 8 , - 3 1 2 9 .  2 4 ,
212  DATA - 3 2 8 9 .  5 4 , - 3 4 8 2 .  9 9 , - 3 7 1 6 .  9 6 , - 4 0 3 7 .  6 4 , - 4 7 2 5 . 8 8 ,
214  DATA 0.  7 7 2 6 ,  0 .  0 8 6 5 ,  0 .  1409 ,  0 ,  0 .  7 6 3 6 , 0 . 0 8 7 4 , 0 .  149 ,  0 ,  0 .  7 5 4 6 ,  0.  0 8 8 2 ,  
216  DATA 0 .  15 7 2 , 0 , 0 .  7 4 6 , 0 .  0 8 9 ,  0 .  1 6 5 , 0 , 0 .  7 4 5 , 0 .  08 9 8 , 0 .  1 6 5 2 , 0 ,  0 .  7 45,
218 DATA 0.  0 9 0 6 , 0 .  1 6 4 4 , 0 , 0 .  7 4 , 0 . 0 9  5 6 , 0 .  I 64 4 , 0 ,  0 .  73 5,  0 .  1 0 3 8 , 0 .  1 6 1 2 , 0 ,  
220 DATA 0.  7 3 ,  0 .  1 1 2 9 , 0 .  1 5 7 1 , 0 , 0 .  7 2 , 0 .  1 2 , 0 .  1 6,  0 , 0 .  6 9 , 0 .  1 65,  0.  1 4 5 , 0 ,
222 DATA 2 , 5 6 4 . 7 6 7 , 2 9 3 . 2 2 7 , 1 9 6 * 1 9 ,
224  DATA 564 .  7 6 7 ,  5 43* 2 3 8 ,  52 0 .  7 69,  49 7.  465 ,  473 .  32 7,  4 48 .  1 43 ,  421 . 73 3,
226  DATA 3 9 3 . 8 6 6 , 3 6 4 . 1 4 1 , 3 3 1 . 4 3 , 2 9 3 . 2 2 7 ,
228 DATA - 2 5 2 9 .  8 3 ,  -  263 7. 14,  -  2 7 5 5 .  21 ,  - 2 8 3 7 .  8 2 ,  -  2 9 5 5 .  41., - 3 0 8 8 .  63,
230 DATA - 3 2 4 9 . 8 3 , - 3 4 3 8 . 3 5 , - 3 6 9 5 . 5 , - 4 1 5 5 . 2 4 , - 5 0 1 3 . 4 1 ,
232  DATA 0 . 7 5 , 0 .  08 72,  0 .  1 6 2 8 , 0 , 0 .  7 4 , 0 . 0 8  9 7 6 , 0 .  1 7 02 4,  0 ,  0 .  7 3,  0 .  0 92 32 ,
234  DATA 0 . 1 6 7 6 8 , 0 , 0 . 7 3 , 0 . 0 9 4 5 8 , 0 . 1 7 5 4 2 , 0 , 0 . 7 2 5 , 0 . 0 9 7 1 4 , 0 . 1 7 7 8 6 , 0 ,
23 6 DATA 0 . 7 2 , 0 .  1 , 0 .  1 8 , 0 , 0 .  7 1 5 , 0 .  10R3>0.  1 7 6 7 , 0 ,  0 .  7 1 , 0 .  1 1 6 6 , 0 .  1 7 3 4 , 0 ,  
238 DATA 0.  7,  0 .  1 2 4 9 , 0 .  1751 ,  0 , 0 .  6 7 , 0 .  I 3 3 4 , 0 .  1966 ,  0 ,  0 .  62 ,  0.  171,  0 .  2 0 9 , 0 ,  
240 DATA 7 , 5 7 2 . 2 7 6 , 2 9 8 . 4 4 6 , 1 7 6 . 4 7 6 ,
2 42 DATA 5 7 2.  2 76 ,  5 50 .  2 49 ,  5 2 7 .  4 69 ,  5 0 3 . 8  9 7,  479 .  4 4,  45 4 . 0 5 3 ,  42 7.  4 57 ,
244 DATA 3 9 9 . 2 4 6 , 3 6 9 . 1 2 8 , 3 3 6 . 6 8 7 , 2 9 8 . 4 4 6 ,
246 DATA - 2 5 9 8 . 1 6 , - 2 6 8 8 . 4 , - 2 7 7 8 . 6 5 , - 2 8 7 8 * 7 5 , - 2 9 9 0 . 8 1 , - 3 1 0 2 . 1 1 ,
248 DATA - 3 2 8 0 . 8 9 , - 3 4 8 9 . 8 4 , - 3 7 3 8 . 4 7 , - 4 0 4 7 . 3 7 , - 5 1 3 0 . 4 4 ,
250 DATA 0.  68 5,  0 .  1815,  0 .  1 3 3 5 , P , 0.  6 8 , 0 .  18 2 1 > 0 .  13 7 9 , 0 , 0 .  67 7 , 0 .  182 4,
252 DATA 0 .  1406 ,  0 , 0 .  6 74 ,  0.  1 8 2 7 , 0 .  1 4 3 3 , 0 , 0 .  6 7 1 , 0 .  1 8 3 , 0 .  146,  0 ,  0 .  67 1,
254  DATA 0 .  183,  0 .  1 4 6 , 0 , 0 .  6 6 1 9 , 0 .  1 8 4 9 , 0 .  1 5 3 2 , 0 , 0 .  6 5 2 8 ,  0 .  1868 ,
255 DATA 0.  160 4 , 0 , 0 .  6 4 3 7 , 0 .  1 8 8 7 , 0 .  1 6 7 3 , 0 , 0 .  6 3 4 6 , 0 .  1 9 07 ,  0.  1 747,  0 ,
256  DATA 0 . 5 4 9 , 0 . 2 1 6 3 , 0 * 2 3 4 7 , 0 ,
258 DATA 11,  5 7 4 .  8 4 9 ,  3 0 2 .  3 7 , 1 4 4 .  6,
2 60 DATA 5 7 4.  8 49 ,  553 .  40 5,  531•  199 ,  508.  181 , 484 .  2 9 4 ,  459 .  4 2 4 ,  433-  25 5,
2 62 'DATA 405 .  0 8 2 , 3 7 4 .  2 3 9 , 3 4 0 .  4 2 , 3 0 2 .  37,
2 64 DATA - 2 5 2 6 .  9 1 , -  2 6 1 9 .  5 8 , -  2 7 0 9 . 8 2 ,  -  2 8 1 4 .  62 ,  -  2 9 1 8 . 0 8 ,  -  3 0 5 0 .  8 6 ,
266 DATA - 3 2 2 9 . 5 4 , - 3 5 3 2 . 1 , - 3 8 7 0 . 0 9 , - 4 2 4 6 . 5 6 , - 4 8 8 5 . 4 6 ,
268 DATA 0 . 5 8 , 0 . 2 2 7 , 0 . 1 9 3 , 0 , 0 . 5 7 5 , 0 . 2 3 3 , 0 • 1 9 2 , 0 , 0 . 5 7 3 , 0 . 2 3 9 , 0 . 1 8 8 , 0 ,  
270 DATA 0.  57 ,  0 .  2 4 5 , 0 .  1 8 5 , 0 , 6 .  5 7 , 0 .  25 ,  0 .  18,  0 ,  0 .  5 6 7 ,  0 .  2 5 6 ,  0 .  1 77,  0 ,
272  DATA 0.  5 63 ,  0 .  2 78 2 ,  0.  158 8 , 0 , 0 .  5 4 5 , 0 .  3 1 0 4 ,  0 .  1 4 4 6 ,  0 , 0 .  5 3 , 0 .  3 3 2 6 ,
274 DATA 0 . 1 3 7 4 , 0 , 0 . 5 2 , 0 . 3 4 5 , p . 1 3 5 , 0 , 0 . 5 0 1 1 , 0 . 3 8 5 , 0 . 1 1 3 9 , 0 ,
276  DATA 1 3 , 5 7 8 . 6 1 8 , 3 0 5 . 6 7 3 , 1 2 2 . 9 7 6 ,
278 DATA 5 7 8 . 6 1 8 , 5 5 7 . 4 4 1 , 5 3 5 . 4 3 4 , 5 1 2 . 5 0 3 , 4 8 8 . 5 3 4 , 4 6 3 . 3 8 4 , 4 3 6 . 6 7 5 ,
280 DATA 4 0 8 . 0 0 8 , 3 7 7 . 1 8 , 3 4 3 . 6 5 6 , 3 0 5 . 6 7 3 ,
282  DATA - 2 4 9 4 .  0 4 , - 2 5 8 8 .  5 4 , - 2 6 9 3 *  1 8 , - 2 8 1 0 . 2 1  , - 2 9 4 2 .  4 2 , - 3 0 9 3 *  5 9 ,
284 DATA - 3 3 1 6 . 5 7 , - 3 5 6 3 . 3 , - 3 8 3 5 . 6 4 , - 4 2 0 9 . 9 , - 4 9 0 6 . 1 4 ,
28 6 DATA 0 .  4 9 , 0 . 3 , 0 . 2 1 , 0 , 0 .  4 8 5 , 0 . 3 0 6 3 , 0 • 2 0 8  7,  0 ,  0 .  4 8 , 0 .  3 1 2 4 , 0 .  20 7 6 , 0> 
288 DATA 0.  4 7 5 , 0 .  3 1 8 5 , 0 .  2 0 6 5 , 0 ,  0 .  4 7 , 0 .  3 2 4 6 ,  0.  2 0 5 4 ,  0 , 0 .  465 ,  0 .  3 3 0 7 ,
 -s „ -r , „  -  -  - «■» rx o t /, n n ni s.rta . a , TJQ . ffl. OOQ' i .  H.  « .  / i 9S.
SI MW9 1 6 : 5 3  G 2 6 5  A 1 7 / 0 3 / 7 2 1 6 5
29 1 * 1 76 .  476
0 5 6 2 . 2 6 8  T f e  f 5 62-  268. p C S ) - 2 5 7 4 .  6*U
- 4 . 1 5 6 5 6 5 3 9 . 6 6 2 5 4 0 . 3 7 7  / - 2 6 7 9 . 1 4
- 6 . 9 8 8 0 7 5 1 6 . 3 7 5 1 7 . 5 7 3 - 2 7 9 3 . 9 5
- 8 . 4 5 1 5 8 4 9 2 . 3 1 1 4 9 3 . 7 6 7 - 2 9 1 9 . 3 6
- 9 . 5 0 7 1 5 4 6 7 . 3 7 5 4 6 9 . 0 1  9 - 3 0 2 0 . 3 8
- 1 1 . 2 4 4 7  ‘ 4 4 1 . 4 4 3 4 4 3 . 3 9 5 - 3 1 2 9 . 2 4
-  1 3 . 0 3 1 5 4 1 4 . 3 8 7 41 6.  65 - 3 2 8 9 . 5 4
-  1 3 . 9 2 1  1 3 8 6 . 0 1 5 3 8 8 . 4 3 1 - 3 4 8 2 . 9 9
- 1 3 . 7 1 7 6 3 5 6 . 0 5 1 3 5 8 . 4 3 2 - 3 7 1 6 . 9 6
- 1 1 . 6 0 6 9 3 2 4 . 1 0 6 3 2 6 . 1 2 1 - 4 0 3 7 . 6 4
- 3 *  6 2 3 9 6E> 0 5 2 8 9 - 6 0 6 2 8 9 . 6 0 6 - 4 7 2 5 . 8 8
173.  759 H (S ) - 2 6 7 6 .  91 V f S f - 5 7 1 . 4 3 9 -  1 5 5 3 6 .  5
1 7 3 .  1 41 — r - - 2 7 5 5 . 1 8  / -  4 \ 7 . 4 2 9 -  1 5 9 9 0 . 4
1 7 2 . 6 1 7 - 2 8 4 2 . 4 8 - 2 5 5 . 2 5 -  1 6 4 8 8 . 3
1 7 2 . 3 4 2 - 2 9 4 1 . 8 -  t 0 1 . 0 6 9 -  1 7049*  5
1 7 3 . 5 9 4 - 3 0 5 4 . 2 8 -  1 63.  9 72 -  1 7 6 3 5 .  7
1 7 5 . 0 5 5 - 3 1 8 0 . 2 8 - 2 5 8 . 3 1 3 -  1 8 2 8 5 . 3
1 7 5 . 7 2 3 - 3 3 2 6 . 3 1 -  1 7 0 . 3 0 4 -  191 12.  4
1 7 6 . 7 1 2 - 3 5 0 0 . 9 9 - 5 3 . 8 2 7 - 2 0 1 2 0 . 3
1 7 8 . 2 0 9 - 3 7 1 5 . 6 7 6 8 . 9 8 0 4 - 2 1 3 4 6 . 3
1 7 9 . 4 4 5 - 3 9 8 7 . 5 9 3 6 5 . 4 8 9 - 2 2 8 9 3 . 4
1 9 0 . 6 3 9 - 4 7 2 5 . 8 8 - 3 . 0 5 1 7 6 E - 0 5 - 2 7 7 2 3 . 2
29 2 1 7 1 . 4 1 9
0 5 6 4 . 7 6 7 5 6 4 . 7 6 7 - 2 5 2 9 . 8 3
- 5 . 7 3 0 9 3 5 4 2 . 2 6 2 5 4 3 . 2 3 8 - 2 6 3 7 .  1 4
- 9 . 8 3 6 0 8 5 1 9 . 0 7 6 5 2 0 . 7 6 9 - 2 7 5 5 . 2 1
- 1 3 . 7 3 0 9 4 9 5 . 1 2 2 4 9 7 . 4 6 5 - 2 8 3 7 . 8 2
-  1 7 . 6 8  2 4 7 0 . 3 0 6 4 7 3 . 3 2 7 - 2 9 5 5 . 4 1
- 2 1 . 2 5 4 4 4 4 4 . 5 0 6 4 4 8 . 1 4 3 - 3 0 8 8 . 6 3
- 2 4 . 2 4 6 2 4 1 7 . 5 8  7 4 2 1 . 7 3 3 - 3 2 4 9 . 8 3
- 2 6 . 4 6 0 8 3 8 9 .  341 3 9 3 . 8 6 6 - 3 4 3 8 . 3 5
- 2 7 . 2 0 0 4 3 5 9 . 4 9 3 3 6 4 . 141 - 3 6 9 5 . 5
- 2 2 . 2 1 1 2 3 2 7 . 6 5 8 3 3 1 . 4 3 - 4 1 5 5 . 2 4
- 2 . 6 7 0 2 9 E - 0 5 2 9 3 . 2 2 7 2 9 3 . 2 2 7 - 5 0 1 3 . 4 1
1 6 9 . 3 9 2 - 2 6 6 4 .  86 -  769 .  I 65 - 1 5 6 0 6 . 7
1 6 8 . 5 7 3 - 2 7 4 2 . 6 6 - 5 9 4 . 8 5 6 -  1 608 4.  3
1 6 7 . 5 0 3 - 2 8 0 1 . 6 4 - 4 0 6 . 8 0 3 -  1 641 1. 1
1 6 9 . 0 8 4 - 2 9 2 7 . 7 1 - 4 9 6 . 6 4 4 -  1 7 1 2 9 .
1 6 9 . 5 2 9 - 3 0 3 8 . 5 8 - 4 5 3 . 0 9 3 -  1 7 7 4 9 . 9
1 7 0 . 0 3 6 - 3 1 6 3 . 7 6 - 4 0 1 . 1 1 2 -  18448*  9
1 7 0 . 7 6 9 - 3 3 1 0 . 9 1 - 3 1 2 . 4 3 9 -  1 9 3 1 8 .
1 7 1 . 8 6 4 - 3 4 8 6 .  85 - 2 3 0 . 0 9 8 - 2 0 3 3 8 . 4
1 7 2 . 4 5 4 - 3 7 0 2 . 0 5 2 7 . 0 1 2 3 - 2 1 6 0 1 . 1
1 6 9 . 7 8 9 - 3 9 7 7 . 1 4 1 1 3 0 . 8 7 - 2 3 3 3 6 . 9
1 8 6 . 6 2 1 - 5 0 1 3 . 4 1 -  1 . 2 2 0 7 0 E - 0 4 - 3 0 1 4 1 . 3
29 7 1 6 2 . 5 3 9
0 5 7 2 . 2 7 6 5 7 2 . 2 7 6 - 2 5 9 8 . 1 6
-  1. 0 2 5 1 6 5 5 0 . 0 8 8 5 5 0 . 2 4 9 - 2 6 8 8 . 4
- 2 . 0 9 8 9 4 5 2 7 . 1 3 8 5 2 7 . 4 6 9 - 2 7 7 8 . 6 5
- 3 . 5 3 8 9 3 503*  336 5 0 3 . 8 9 7 - 2 8  78.  75
-  5.  43857 4 7 8 . 5 7 2 4 7 9 . 4 4 - 2 9 9 0 . 8 1
- 8 . 3 6 8 9 5 4 5 2 . 7 0 8 4 5 4 . 0 5 3 - 3 1 0 2 . 1 1
-  1 1. 5856 4 2 5 . 5 8 7 4 2 7 . 4 5 7 - 3 2 8 0 . 8 9
-  13.  9656 3 9 6 . 9 8 1 3 9 9 . 2 4 6 - 3 4 8 9 . 8 4
- 1 5 . 6 1 3 1 3 6 6 . 5 8 1 3 6 9 . 1 2 8 - 3 7 3 8 . 4 7
-  16.  6671 3 3 3 . 9 5 3 3 3 6 . 6 8 7 -  40 47 .  3 7
- 4 . '  1961 7 E - 0 5 2 9 8 . 4 4 6 2 9 8 . 4 4 6 - 5 1 3 0 . 4 4
1 5 5 . 7 5 2 - 2 6 2 4 .  9 1 -  1 3 4 . 2 8 2 -  1 68 0 4.  7
1 5 6 . 4 1 9 - 2 7 1 2 . 0 7 -  1 1 0 . 9 2 2 -  1 728 1 .
1 5 7 . 5 6 7 - 2 8 0 9 . 1 2 -  1 4 9 . 9 2 8 -  1 7 7 9 0 . 5
1 5 8 . 8 6 2 - 2 9 1 8 . 1 - 2 0 0 . 8 6 8 -  1 8 3 6 4 .
1 6 0 . 3 6 4 - 3 0 4 2 *  26 - 2 7 0 . 4 0 2 -  1 9 0 1 9 .  7
1 6 2 . 5 6 8 - 3 1 8 2 . 99 - 4 4 5 . 2 1 1 - 1 9 7 4 1 . 5
_ 1 6 3 . 3 0 9 - 3 3 4 7 . 6 2 - 3 4 7 . 8 0 2 - 2 0 6 6 9 . 9
2 6 7 2 .  99*i«: 
■ 2 7 5 0 . 9 5  
• 2 8 3 7 . 8 8  
2 9 3 6 . 7 7  
3 0 4 8 - 7 3
3 1 7 4 . 0 8
■33 I 9.  12 
• 3 4 9 2 . 3 3  
■ 3 7 0 4 . 9 9  
• 3 9 7 4 . 1 9
■ 4725 .  88
• 2 7 7 4 .  33 / $ 
• 2 9 2 5 . 4 2  
• 3 0 9 2 . 7 4  
• 3 2 7 7 . 3 3  
• 3 4 3 5 . 8 1  
■ 3 6 1 2 . 4 !  
■ 3 8 6 9 . 3 3  
• 4 1 8 9 . 3 1  
■ 4 5 9 0 . 3  
■ 5 1 4 0 . 9 3
■ 6 3 4 2 . 2 8
■ 2 6 6 0 . 9 7  
■ 2 7 3 8 . 4 2  
■ 2 8 2 5 . 2 4  
• 2 9 2 2 . 5 6  
■ 3 0 3 2 . 8 3  
• 3 1 5 7 . 2 7  
■ 3 3 0 3 . 2 6  
■ 3 4 7 7 . 6 9  
■ 3 6 9 0 . 8 8  
■ 3 9 6 3 . 1 9  
■ 5 0 1 3 . 4 1
■ 2 8 0 7 . 9 4  
■ 2 9 6 5 . 2 7  
■ 3 0 6 7 . 0 4  
■ 3 2 7 4 . 1 9  
■ 3 4 6 0 . 9  
■3677.05 
* 3 9 4 5 . 2 6  
■ 4 2 6 9 . 5 1  
- 4 7 1 2 .  I 4 "  
• 5 4 5 2 .  6
- 6 8 0 4 .  99
- 2 6 1 9 . 0 9  
- 2 7 0 5 . 7 7  
- 2 8 0 2 . 2 7  
- 2 9 1 0 . 5 9  
■ 3 0 3 3 . 9 4  
- 3 1 7 3 . 6 8  
- 3 3 3 7 . 0 4  
- 3 5 3 2 .  1 3 
- 3 7 7 0 . 9 5
- 4 0 7 3 .  26  
- 5 1 3 0 . 4 4
- 3 0 3 5 . 5 7  
- 3 1 8 0 . 2 9  
- 3 3 3 0 . 9 5  
- 3 5 0 1 . 6 1  
- 3 6 9 7 . 1 4
- 3 9 0 4 . 8 8  
- 4 2 1 6 . 2 2  .
1 6A .416
1 66.  02 
1 6 8 * 388 
1 74. 263 
29 
0
-2. 38624 
-4. 80325 
- 7 . 5 7 0 1 3  
-11.1344
- 15. 7022 
-20.2671 
-21.8077 
-18.3961
- 1 1 .953 
-3.81470E-05
134.622 
135.139 
136. 33 
137.565 
139.554
1 4 1 . 01 7  
142.388 
141.64 
142.419 
145.415 
152.432 
29 
0
-2.35772 
-4. 50 1 0 5 
- 6 . 51 434 
- 8 . 5 1 3 8
- 10. 6458 
-11.729
- 10. 9433 
-9. 8538 4 
-8 . 1 9 6 8  3
-4. 1961 7 E - 0 5
117.031 
117.56 
I 18.23
119.067 
120.  1 1 
121.404 
121.101  
1 2 1 . 8 8 6  
123.014 
125.677 
128.233
-3544.38 
-3784.36 
-4091.12 
-5130.44 
1 1
574 . 8  49
553.055 
530.492 
507.061 
482.636
457.071 
430.222
401.8 43 
371.507 
338.632
302.37
-2576. 58 
-2664.27 
-2762.73 
-28 7 5. 1 3 
-3003.13 
-3146.34 
-331 4. 4 
-3526.09 
-3797.24 
-4152.18
- 4885. 46 
1 3
578.618 
557. 1 1 9
534 . 8  1 6
511.603 
487. 35 
461.892 
435.021
406.452 
375.754
342.466
305.673
-2539.53 
-2631.04 
-2734.13 
-285 1 . 4 
-2986.35 
-3143.52 
-3330.4 
-3560.11 
-3840.74
- 4205. 61 
-4906. 1 4
-260.726'
- 199. 136 
- 1 5 7 . 8 3 6
- 1 . 2 2 0 7 0 E - 0 4
140.775 
574.849
553.405
531. 199 
508.181 
484. 294
459.424
433.255
405.082
374.239
340.42
302.37
-299.185 
-260.582 
-310.604 
-354.942 
-510.677 
-569.159 
-485. 987 
140.01 1
613.472 
786. 284 
-9. 1 5527E-05 
121.21
578.618 
557.441
535.434
512.503
488.534 
463. 384 
436.675
408.008
377. 18
343.656
305.673
-289.908 
-262.449 
-244. 8 1 6  
-239.15 
-249.968 
-281.878
- 1 3. 5 62 4 
108.226
•7 7. 030 6  
174.688
- 1 . 2 2 0 7 0 E - 0 4
- 2 1 7 7 5 . 6  
-23118-5 
-24834. 5 
-32043.1
-2526.91 
-2619.58 
-2709.82 
-2814.62 
-2918.08 
-3050.86 
-3229.54 
-3532.1 
-3870.09 
-4246.56 
-4885.46
- 1758 1 • 7
- 18129.4
- 187 1 3. 1
- 19379. 7
- 2 0 1 0 2 . 8  
-20932.2 
-22067.3 
-23643* 9 
-25447.3 
-27604. 8  
-32729.4
-2494.04 
-2588.54 
-2693.18 
- 2 8 1 0 .2 1 
-2942.42 
-3093.59 
-331 6 .57 
-3563.3 
-3835.64 
-4209.9 
-4906. 1 4
- 18638.2
- 19220. 7
- 1 9861 . 
-20583. 
-21407.2 
-22360. 
-23534.8 
-24945.4 
-26434. 2 
-28813-6 
-3 403 6 . 7
-4589.37
- 5045» 8 8  
-5634. 7 1 
-7257.84
-2570.65 
-2657.78 
-2755.56 
-2867.13 
-2994.14 
-3136.13 
-3302.27 
-3511.31 
-3778.99 
-4128.95
- 4885. 46
-3 I 07. 43 
-3257.M2 
-3411.68 
-3593.67 
-3787.47
- 4033. 52 
-4365.69
- 488 6 . 7 3 
-5495.39 
-6219.55
- 7430* 48
-2533.45 
-2624.37 
-2726.79 
-2843. 25 
-2977.18 
-3133.09 
-3318.48 
-3547.91 
-38 2 4- 5
- 418 4.53
- 4906. 14
-3035.12 
-3181.46 
-3346* 6 6  
-3535.21 
-3753.08
- 4008. 5 7
- 4359. 21 
-4762.61
- 52 3 9'. 2 5
- 5896. 44 
-7082.55
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CONCLUSIONS
1 .  Th e  t h e o r e t i c a l  e q u a t i o n s  a s  g i v e n  b y  t h e  c l a s s i c a l
t h e o r y  ( 1 3 , 1 3 a )  h a v e  b e e n  f u l l y  d e r i v e d .
2 .  T h e  a s s u m p t i o n s  m a d e  d u r i n g  t h e  d e r i v a t i o n s  a r e  s t a t e d
a n d  e x a m i n e d  t o  d e f i n e  t h e  l i m i t a t i o n s  o f  t h e  e q u a t i o n s .
I n  f a c t ,  t h e  s i m p l i f y i n g  a s s u m p t i o n s  ( b y  J o n e s , F u r r y  
a n d  O n s a g e r )  h a v e  b e e n  m a d e  t o  t h e  e x t e n t  t h a t  t h e  
r e s u l t i n g  e q u a t i o n s  w o u l d  o n l y  p r e d i c t  t h e  o v e r a l l  
s e p a r a t i o n  o n  t h e  t h e r m o - g r a v i t a t i o n a l  c o l u m n  i n  
b i n a r y  s y s t e m s  o f  i s o t o p e s .
3 .  T h e  e x p e r i m e n t a l  v a l u e s  o f  t h e  c o n c e n t r a t i o n  a n d  t e m p e r a ­
t u r e  p r o f i l e s  A/C t h e  g a p  h a v e  b e e n  e s t a b l i s h e d  f o r  b i n a r y  
a n d  t e r n a r y  m i x t u r e s  o f  common g a s e s  ( H e j C O ^ j N ^ ) .
T h i s  w a s  p o s s i b l e  b e c a u s e  o f  a s u i t a b l e  d e s i g n  o f  t h e  
c o l u m n ,  i n s t a l l a t i o n ,  t h e  s a m p l i n g  s y s t e m  a n d  a l s o  b e c a u s e  
o f  t h e  e x p e r i m e n t a l  t e c h n i q u e  d e v e l o p e d  t o  s t u d y  t h e  f i e l d  
i n  t h e  g a p  a s  w e l l  a s  t h e  o v e r a l l  s e p a r a t i o n  on  t h e  c o l u m n
4 .  C a l c u l a t i o n s  h a v e  b e e n  c a r r i e d  o u t  a t  f i r s t  i n  a n  a t t e m p t  
t o  c o r r e l a t e  t h e  e x p e r i m e n t a l  r e s u l t s ,  a n d  t h e n  t o  s how 
t h a t  t h e  e x p e r i m e n t a l  m e a s u r e m e n t s  y i e l d  d i f f e r e n t  v a l u e s  
o f  s e p a r a t i o n  a n d  o f  t e m p e r a t u r e  d i s t r i b u t i o n  f r o m  t h o s e  
o b t a i n e d  b y  c l a s s i c a l  t h e o r y  ( e q u a t i o n s ) .
N o t e  : The 1 i m i  t a t  i o n s o f  t r a n s p o r t e q u a t  i o n w e r e
r  e a l i s e d  b u t t o c o r r e l a t e  t h e  c h a n g e s o f
a v e r a g e  c o n e e n  t r a t i o n s  a l o n g t h e l e n g t h  o f
t h e c o l u m n , t h e e q u a t i o n  wa s u s e d  t o c a l c u l  a t  e
t h e s e p a r a t i on b e t w e e n  v a r i o u s l e v e I s o f t h e
c o l umn ( s t a r t  i n g a t  t h e  t o p ) ,»
i c a 1 c o n s t a n t  s ( f o r  p u r e  g a s e s a n d f  o r  mi x t u r e s )
h a v e  b e e n  e x p r e s s e d  a s  f u n c t i o n s  o f  t e m p e r a t u r e  a n d  o f  
c o n c e n t r a t i o n s  ( w i t h i n  t h e  r a n g e  o f  t e m p e r a t u r e s  u s e d ) .
Th e  p h y s i c a l  c o n s t a n t s  ( a s  f u n c t i o n s  o f  t e m p e r a t u r e  a n d  
c o n c e n t r a t i o n ) ,  w e r e  t h e n  u s e d  i n  c a l c u l a t i n g  h e a t  c o n t e n t
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This was to predict temperature profiles A/C the gap 
from known concentration profiles.
N o t e ; The calculated temperature profiles
compared well with the measured temperature 
dis tribution.
The agreement of the calculated values with the experi­
mental (as in the outputs of programmes in Chapter 7), 
lead to the following considerations, which may, provide a 
mathematical method for predicting separation in the gap 
and also for overall effect in the column.
6 . The problem of _ s imul t aneous _r elat ions r ® g_ the
e^ui.libr;± u.m .
If a set of "relations" represent (well) various "aspects" 
of the same equilibrium, at the same point in the field and 
at the same moment of time, then these relations are the 
simultaneous equations with respect to the common parameters 
they contain.
It means that if only some of the parameters are known (from 
measurements) the others may be found, at each point, in the 
field, from the simultaneous equations.
Therefore, the establishment of simultaneous equations (or 
relations) at a point in the field (for a given equilibrium) 
gives a method for calculating, for instance, of concentra­
tion distribution from the temperature distribution.
Of course, there must be a sufficient number of relations 
for a number of components in the mixture (at a point).
Nearly the whole effort in the latest part of the present 
work was to establish the simultaneous relations.
The method was to fit the derived relation into the known 
experimental data. If the calculated figures agreed with 
the experimental at all points in the field (for the same 
equilibrium) then the relation could be considered as one 
of the simultaneous equations.
e q u i l i b r i a  and t h e  h e a t  f l u x  A/C t h e  g ap .
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G . E . I . S .  c o m p u t e r  w a s  u s e d  t o  s o l v e  t h e  r e l a t i o n s  a s  m a n y  
t i m e s  a s  t h e  d a t a  w o u l d  a l l o w .  The  c a l c u l a t i o n s  w e r e  d o n e  
a c c o r d i n g  t o  a s e r i e s  o f  p r o g r a m m e s  (SIMB)  1 ,  2 , 3 , 4 , 5 , 6 , » . 9 
a n d  a l s o  (SIMW) 1 , 2 , 3 , . . . . 9 .
N o t e : ( 1 ) P r o g r a m m e s  (SIMB)  w e r e  b a s e d  o n  p h y s i c a l
c o n s t a n t s  a s  d e r i v e d  i n  A p p e n d i x  ' 3 .
( 2 ) P r o g r a m m e s  (SIMW) a r e  s i m i l a r  a n d  w e r e  a l s o  
b a s e d  o n  p h y s i c a l  c o n s t a n t s  f r o m  A p p e n d i x  3 ,  
e x c e p t  f o r  c o e f f .  o f  h e a t  c o n d u c t i v i t y  (lc) 
w h i c h  w a s  d e r i v e d  f r o m  W a s s i l j e w a  e x p a n s i o n  
b y  t h e  m e t h o d  o f  L i n d s a y  a n d  B r o m l e y .
Th e  c o m p u t e r  o u t p u t s  i n c l u d e d  (Tm) ( T m T) a n d  a l s o  h e a t  f l u x  
( H ) . T h e s e  w e r e  c o m p a r e d  w i t h  e x p e r i m e n t a l .
As a l r e a d y  m e n t i o n e d  i n  t h e  t h e s i s ,  we h a v e  now s u f f i c i e n t  
d a t a  t o  e s t a b l i s h  t h e  u s e f u l n e s s  o f  r e l a t i o n s  -  a s  
s i m u l t a n e o u s .
F o r  e x a m p l e :
T o t a l  n u m b e r  o f  e x p e r i m e n t s  p e r f o r m e d  w a s  ( 3 8 )  ( w h e r e  o n e  
w a s  d o n e  on  a i r ) .
One  e x p e r i m e n t  r e p r e s e n t s  up  t o  ( 1 3 )  p r o b e  m e a s u r e m e n t s  
A/ C t h e  g a p .
A l s o ,  e a c h  p r o b e  s u p p l i e s  t h e  e q u i l i b r i u m  d a t a  f r o m  ( 1 1 )  
p o s i t i o n s  A/ C t h e  g a p .
T h e r e f o r e ,  o n e  e x p e r i m e n t  r e p r e s e n t s  up  t o  1 3 x 1 1 = 1 4 3  s e t s  
o f  e q u i l i b r i u m  d a t a  ( c o n c e n t r a t i o n ,  t e m p e r a t u r e ,  p o s i t i o n ) .
S o ,  o n e  e x p e r i m e n t  d e s c r i b e s  t h e  e q u i l i b r i u m  a t  1 4 3  p o i n t s  
i n  t h e  g a p  f i e l d .
I t  a l s o  m e a n s  t h a t  e a c h  s e t  o f  r e l a t i o n s  c o u l d  b e  c h e c k e d  
f o r  s i m u l t a n e o u s  b e h a v i o u r  a t  143  p o i n t s  f r o m  t h e  d a t a  o f  
t h e  e x p e r i m e n t .
T h e  d e g r e e  o f  c o r r e l a t i o n  i s  s h o w n  i n  t h e  o u t p u t s  o f  
p r o g r a m m e s  a b o v e  ( S I MB ,  SIMW).
E s p e c i a l l y  g o o d  c o r r e l a t i o n s  a r e  o b t a i n e d  i n  p r o g r a m m e s  
(SIMW) ( 6 , 8 , 9 ) .
E a c h  e x p r e s s i o n  ( m a r k e d  o n  t h e  o u t p u t  o f  SIMW 6)  a n d  on  
£ h e  o t h e r  p r o g r a m m e s  r e p r e s e n t s  a n  e q u a t i o n  c o n t a i n i n g  ( Tm)
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Some calculations using these expression as simultaneous 
equations have already been done to determine the values 
of concentration (X^X^X^) from temperature data.
The programmes are now being prepared and the work is 
continued (by the writer) to prepare the data from all the 
experiments so that the technique (of simultaneous relations) 
may be properly checked against the experiment .
Also, the step by step, method of programmes (SIM W ) (6,8,9) 
down the gradient for calculation of is worth investi­
gating.
It may be possible to develop a method (approximate but 
exact enough) for calculating (T^) and (Tm *) A/C the gap 
from boundary conditions only:
t h
Tc
and concentrations at the end of the column only
< V l  < V 2 ’<X o>3.
which means that simultaneous relations may then be used 
on calculated temperature distribution and gradients of (T) .
( T ^ 1) and c o n c e n t r a t i o n s  (X^X2 X^) a t  a p o i n t  i n  t h e  g a p .
170
NOMENCLATURE
A 12
A c
A H
A -  H/2K
C 1,C 2
C l if
V
C , C  v ’ p
D
D.
1
12
d t
e b l a c k
F
f l ’ 2
G
T e x t
f u n c t i o n  i n  W a s s i l j e w a  e x p a n s i o n
a r e a  o f  t h e  c o l d  w a l l s
a r e a  o f  t h e  h o t  w a l l s
m e a n  c i r c u m f e r e n c e  o f  t h e  h o t  
a n d  c o l d  w a l l s  ( f r o m  i n s i d e  t h e  
gap) .
c o n c e n t r a t i o n s  o f  s p e c i e  ( 1 )  & 
(2)
c o n c .  o f  s p e c i e  ( 1 )  o n  t h e  h o t  
w a l l
c o n c .  o f  s p e c i e  ( 1 )  o n  t h e  c o l d  
w a l l
s p e c i f i c  h e a t s
f a c t o r  i n  h e a t  b a l a n c e  e q u a t i o n  
i n t e r n a l  d i a m e t e r
b o d y  f o r c e  ( p e r  u n i t  m a s s )  
c o e f f i c i e n t s  d e f i n e d  i n  
m a s s  f l o w
t o t a l  f l o w
( 6 . 4 )
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A P P E N D I X  1
DERIVATION OF THE. EQUATION OF FLOW (NAVIER STOICE)
AND OF THE TRANSPORT EQUATION
The thermal diffusion effect, which may be observed nearly 
in its undisturbed form in two bulbs experiments (being only in 
equilibrium with concentration diffusion), has to be considered 
only as one of motive factors, adding its effect to the dynamic 
equilibrium, that exists between the hot and the cold wall.
The p r o b l e m  becomes three-dimensional, while in two bulbs 
experiments it could be analysed as occurring in one dimension 
along the narrow tube between the hot and the cold bulb.
The contribution of thermal diffusion to the movement of 
a particle is now added (vector addition) to the momentum, the 
particle already received from causes like:
a) gravity and density
b) compressibility
c) frictional and viscous forces
d )  external impulses, due to pumping.
N o t e : All of these causes will produce a motion
of a fluid, which may be streamline, turbulent, 
rotational or i r r o t a t i o n a l .
The thermal diffusion effect on a single molecule could 
be described by saying, that a molecule changes its position 
of (dynamic) equilibrium in relation to the other molecules, 
because it has received an impulse (of energy) which is d i f f e r ­
ent from impulses obtained by the neighbouring molecules.
The movement of this molecule is also modified by the inter- 
molecular forces around the molecule.
The molecule obtained this energy by absorption of heat
(kinetic energy) proportionally to the temperature (at the point
of its p o s i t i o n ) .
The energy is received by transfer from the "neighbouring" 
molecules, although it may also be received by absorption of 
jradiation from an external source. So, the energy transfer and 
the "net transport" (due to thermal diffusion) occur along the 
temperature gradient.
1 7 1
The "net transport" in case of a single molecule is its 
displacement to a new position of dynamic equilibrium in r e l a ­
tion to the other molecules.
A molecule changes its equilibrium position between m o l e ­
cules because it is at different temperature than the others, 
and so the temperature differences between the "neighbouring" 
molecules represent the temperature gradient in relation to 
the moving element. This gradient is a driving force (between 
the molecules) which is independent of the movement of the 
whole system. So, the element may be considered stationary 
while the thermal diffusion effect occurs inside it against a 
variable temperature gradient in the element. The temperature 
gradient causing the thermal diffusion is not an external field 
in space (x,y,z), that gives impulses t o •molecules passing 
through the points of the field. It is the opposite, the tem­
perature at a point in the field is the result of temperatures 
of molecules passing through that point.
Both ways of approach were considered by the investigators 
(Enskog, Chapman, Cowling, Furry, O n s a g e r ) :
(a) A system of stationary element of fluid with (time) 
variable temperature gradient inside it. So, that 
the displacement inside the element (due to tempera­
ture.differences) could be added to the velocity of 
of the element as a whole. This system is physically 
more r e a l .
(b) Also the other method, where a stationary temperature 
gradient is assumed in space (x,y,z) and an element 
of fluid is moving through this space. At steady 
conditions the gradient is stationary and the tempera­
ture is constant in time at each point in the field.
In fact, we make this assumption when we measure the 
temperature at various points in the. gap at steady conditions. 
Then it may be assumed that an element of fluid, moving through 
this space would (at steady conditions) get (exactly and 
instantly) the temperature of the points, through which is 
p a s s e s .
(Ex: When near the hot wall, the temperature gradient
in the element would be steeper than when the element
is near to the centre of the gap.)
172
Xn fact the temperature gradient at each point in the 
m oving element of the fluid is variable in time.
The rate of change of the gradient depends on the position 
of the element in relation to the "stationary temp, gradient" 
(in the gap) and it is also proportional to the velocity of 
the element.
Therefore, the thermal diff. effect inside the moving 
element, will vary at each point in the element, according to 
the varying temperature gradient at these points.
The corresponding velocity increments on particles will 
also vary (in value and in direction) and (as such) will be 
added to the existing velocity of particles at these points.
It is simpler to use (directly) the temperature gradients 
m e a sured against (x,y,z) and to consider a moving element of 
fluid. The results will be the same assuming a simple depen- 
dance of thermal diffusion on the temperature gradient.
If the interaction of "neighbouring" molecules has to be 
investigated (as the first stage), then a stationary element
with a variable temperatur e gradient (against the coordinates
of the e l e m e n t ) should b e used.
Bo th systems are, of course, physically true at zero
time i n t e r v a l .
It is necessary to specify the system in which the thermal 
diffusion occurs, therefore, a study of motion of the fluid 
between the hot and the cold wall must be done.
Then the velocity increments due to thermal diffusion may 
be added to the existing velocities.
To express the real conditions in the system, all c o n t r i ­
buting factors should be included if the mathematical treatment 
could be provided.
To consider the flow of gas in the gap between the hot 
.and the cold wall, we take any property of flow H. (Ex:
H= ^  density) where H = H ( x ,y ,z ,t ).
1 7 3
DH 
Dt .
3H 
31 .
Following the motion, we denote the rate of change as
At the p o i n t  p (x, y , z) t'he rate of change is written as :
but s= -v #  £ Or * ’ (T zs  ~  £
then ^  + % *)Tt
where v is a velocity vector.
S o > T f f  =. ( 4 9 . + o f ' )  S t  ••• increment of H.
•Fallowing- the motion with velocity v e c t o r " ,  
the rate of change of the property of flow
H = H (x, y ,z ,t ) is:
= V- . VH+ | |  . . . .  ( ! )
Kind of m o t i o n : We consider first a noil-viscous flow.
If the flow is irr o t at i o n a l , V x v = 0 or curl v = 0.
But this is a condition for a conservative potential field and 
so? v itself is a grad of the potential: v* = V(f> or in
coordinates form . ^  . /
G d > ;  . <2 J L  / - o £  /
, r  _ <2j$L / • _ o t p  . . -  -<££. a
•V «X J ~ X J f  )  *- CPJ2. .
where i,j,k are orthogonal unit vectors.
It means (due to conservative field) that any property change 
when integrated along a line of flow, depends only on the 
initial and on the final conditions.
C o n t i n u i t y :
Also, the flow must be continuous - conservation of mass. 
Then a mass dm crossing an element of surface per unit time
is! =  f i P ' c * s & 5 ~ s  =  f J - T s
where S is a closed surface
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Considering an outward movement as positive
&  *-s a decrease of mass within S.
7 s  >
This is also equal to = ~
Then the total mass crossing S is
F rom G a u s s 1 theorem:
fj> F  ■ e t c *  -  J  v - F e t  T  - J c U v -  F o l
30 v y < ✓ * surface
' ....volumethen ** .. ...volume
I S - t & t r - J P "  f e r ’
*. • • u 4-u '•functiondifferentiating both sides ^
ex: fir -  f i r
P - ( { v ) - - 'S f
p . f f r j + % £  ~  °  . . . . . . .  (2)
This is a condition of continuity but
Then from
/ / t 5 i  -  J A M  +  A m )  „  A & )  =  
I r V  ~  7 5 7 T  O j
< 2 3 *  ^  ff 2 f  *  
c ? x
(2) = f v - v - f v f - t ? .
fv * ir  + v f  * *?• * ~ #
Following the flow, any property of flow changes as in (1), 
then
2 > f  -  pQ L  * G J —  =  _
j x  =  v - . v f  "-Mi/  ? *  i> F  J
S c  P y .  V -  + y f .  \ r  +  &L-  V - .  V f  ~  O
f  rr “* -f O  .J V * V  2 ) & ~  condition of continuity following the flow.
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Special conditions: (for continuity equation)
2 > f -Incompressible flow: —  O S O  XT'* U  ~ Q
o c  c / / \ r -  \P  = 0
Irrotational flow: ^7  X  U" —  C
but this is a condition for conservative field so IX s  —  \7
^••••is a velocity potential 
(the sign is conventional - 
down the gradient)
is a scalar point function 
So, for n o n - r o t a t i o n a l , n o n - v i s c o u s , incompres sible flow
V - i s  =  V ' ( ~  ~  ~  ~  °
In coordinate system:
• /  ,  ^  " 2 V  ^ V  _  „
j L n f i / a t i a t t  s  Xd Y  ~  e O g i  *  O g *  4  O z *
_  + w  -- c?
"d ie  O p. ■ O z
After defining (1) the rate of change of any property of flow
j*
and 
f low
(2) the conditions of continuity during the 
j!>p. i r  r  ~  O
we can express a balance of forces (or energies) on each 
element of fluid in the flow. (In fact this defines a path 
of f l o w ) .
Considering an element of volume ^  iJ^of non-viscous flu'id, 
the forces acting on it will be:
(a) pressures on its faces (p is isotropic because of
lack of viscosity)
Z
and (b) any external force (F ) per unit mass
V1 force)(Ex. P  may be a gravitational
D \rAn acceleration will be = Dt
e total force in -direction xx =
An acceleration m  direction xx = t T7 
Thi
1 7 6
Aji external (body) force in direction xx = P x  
So, an equation of balance in the direction xx is:
E x  J~Z +  f z  =  Tp J k
dividing both sides by 5  E x
r -  L  O f*  _ 2 > r< .
r y e  J  ff~ Z  T —  * * • which is an equation of
JT *  -Oafr motion in direction xx.
Also in other directions:
c   l  /? £
F »  r  -=> ~  ?> * etc
A complete equation will be
which in vector form is
z? t  2> 4T
P  - f - V t ?  =JT (3)(Euler's equation 
of mot i o n ) .
The same equation of motion may be expressed, balancing the 
e n e r g i e s :
From (1) the rate of change of any property of flow is:
J > *  ~  -  ' o f
so for H = ' L r .
-  5 .  V " d  + y y ~ 2 i
because V / f i F - V )  = : £ ( ? .  y v  i - d V - X  ( j 7 X  E j  .
so from (3) p y ,  =  3  p y L  f V *  V  U R  ■ ■ ■ ■ fa c t )
f
(a) If the external force is conservative 
(Ex. gravity) F *=— *V K
where K is a potential energy per unit mass.
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(b) If the flow is ir ro tat i o n a l : ~ 0
s o  *ir c tn c f ( V 2 ( i r ) x  i r  = * 0
from (3a) t ->>-2
- x > k -  f  V/>rVT  i - ~ o 0 
— t? k  ~ jr  V f  -  V  ~~ v  f f t :
Finding the directional derivatives from the gradients 
in any direction •f! :
This is done by forming a scalar product with a unit 
vector in that d i r e c t i o n .(Ex: &), we have:
— *U$_ JL ftp -  dff/l _ d/PXj
#4f  e t<  d <  
— t(M  — r d f i  =  d  ( f f j -
Integrating along any line (&) at time (t)
M  * J f &  -  °  
- ’f f * M P+ £ v ‘' s W ( „ l l c h
equation)
o £  _
For steady motion *0 4; ~~ ®
also f(t)= constant 
K is approx. constant (in some problems)
also ^  = const if the fluid is incompressible
SO! J f  C.
JO / «so r — . — • n r  = const.
/  2
or ~ (const)ij
to maintain dimensions: (const)*^ = jO O
w h e r e :
- [ ■ & & - ] ;  r ' t e f c H i S S ]
1 7 8
so
(kinetic energy/per unit mass) = (drop in static pressure)
or
kinetic pressure = drop in static pressure.
Viscosity
To approach the real conditions the tangential component 
forces (due to viscosity) must be considered.
Therefore, in the expression balancing the forces 
viz. Euler's equation, , a term must be included, which
represents viscous forces, as below:
A full derivation of the equations for the viscous flow was made 
but for reasons of space are not included in the present thesis.
The equation of motion
Balancing the forces on a small element of volume OIL
we can obtain an equation of motion in viscous fluid.
In non-viscous fluid p= px = py = pz.
In a viscous fluid pressure, as rather a stress (f o r c e ) ,applied
in a direction (Ex: px) must be considered as a vector having
effect also in other directions.
Ex: px = pxx + pxy + pxz
where pyx and pzx are contributions (along xx) from vectors 
py and pz.
Balancing forces in a direction xx we have
cous forces)
py = pyx + pyy + pyz 
pz = pzx + pzy + pzz
so; the total stress in a direction xx is 
= pxx + pyx +pzx
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~h fJgLF x  f S x  F p  S z .  +  ( f> x x  *  / O x f t y i T p T z  S p y  5 x 9 -
- / , K r j ,  g k J f r t y t y *
S  -  r ( f f f -  F t )  = H
(Section 2)
Substituting the values from (6) and (6a) we have
F x + y r d k  3 ^ fax1 * V  y O u r *  /  O y - Y
.4f  -t- P j f *  ) 1  -  P f f
/  ( < ?  z l * O T 7 z J J  2 >  P  
E x  -  j r f t x  *  T ~  yf M S  ( v * v f r  ^ y  
E x  - f % x  *  ' y f t i f r  ( r - v ) *  V zf f x ] =  § T f
kinematic viscosity
7  =UJ ~
so in x, y and z directions.
Vv — - i f f  + V r x  ftzr (V* V~)+ v S k  7- ir™y § x  +  V  C j  5 x ( V ' V ' ) +  v S b J -  f t
Fy -  j - x f + V f P
180
Combining vectors in x,y,z space
P -  j -  V f i  +  y / y  V f i v -  v - J  +  V ^ J
(7)
This is Navier Stoke equation of flow for viscous fluid 
(assuming V does not depend on space coordinates)
Cond it i o n s :
Incompressible fluid “ jfojf “ 0
-  - 2 > / ____from continuity conditions: j  V s I T
^ ( 1 = 0  so  V -ir  =  o
therefore the equation (7) is reduced to
p  -  y - v / >  +■)) V * < v - -  " •  (7a)
—  2 ^
Also, from the relation * y x  ( p x  i r )  -  p ( v -  y )  —  V i F
if 2T  ~  O  ± or incompressible fluid
then p x ( y x i r )  =  -  V Z V "
but V X  f f f '  — t j  vorticity vector
then equation (7a) may be written
P  - 4 - v f >  u  =  A t  ... (7b)
y  . . d v*For steady conditions ___  = 0
Dt
SO J o  -  ( r  y p  +  ) )  V  M  =  O  . . .  (7c)
or f r  -  - j -  V / o  -  J  T X  A )  - O
Irrotational flow (Steady conditions)
curl o r  ~  V * *  ~  O
from * y i y  =  V / V ’ v - J
then from (7)
F  -  f v ^ - < 4 - ) ) V 2 V -
"  f  -  f  v f  *  - § - V  v ( v - v ) =  O
1 8 1
A J L  -  J > '2T  -  nf  w ~  (steady conditions)
~ the viscosity term vanishes.
The flow of fluid (gas) between the hot and the cold 
wall has been considered by the investigators Jones 
and Furry ( ). Some simplifications have been introduced.
Therefore the equations described (Ex. the equation of 
transport) include the simplifications.
The various simplifying assumptions, their physical 
meaning and the imposed limitations are not discussed enough 
in publications.
Of course, the equations derived (Jones & Furry) were 
used (successfully by investigators on various aspects of 
thermal diffusion.
However, the object of the present investigation is to 
determine the influence of some parameters on the "net trans­
port" and to find their limiting values, if any.
The geometrical distance across the gap is of special 
intere s t .
Therefore while the present literature is considered —  
precise knowledge of simplifications (introduced by the 
investigators) is essential.
This is especially true in problems of thermal diffusion 
where a "net transport" is low (at low temperature gradients) 
and so the effect of some parameters could be easily o v e r ­
looked.
Therefore the hydrodynamical problem has been considered 
in full.
The transport equation, as derived by Jones and Furry 
have also been used in the present tests for 2 component gas 
mixtures to check the performance of flat and cylindrical 
columns. (For common gases).
Irrotational and incompressive flow:
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The transport equations are derived for a purpose to 
determine a "net transport" of one component in a mixture.
To improve the results the transport equation may be 
c o r r e c t e d :
For instance, to allow for the temperature dependance 
of o t,  / A 3> which are the factors of H,Kc,Kd.
This may be done by applying overall factors to H,Kc,Kd. 
(Jones and Furry, p ! 6 9 ) .
Thus more real values of an overall transport may be 
o b t a i n e d .
Of course, what happens to the interrelation of parameters 
in the expression at a point in a gap is of secondary interest 
to them.
The correction, may, as well, be reducing imperfections 
due to a simplified "hydrodynamical model".
Simplifying assumptions (Jones and Furry)
Here an attempt will be made to consider the effects of 
simplifications on the interrelations of parameters, so that 
some extensions could be introduced and the derivations could 
be applied as the basis of this investigation.
The data collected in the experiments could then be 
correlated and the limiting values of parameters determined.
For example:
gap = 2w = f (net transport) 
f containing all the
Elementary derivation (Jones and Furry)
Consideration of hydrodynamical problem :
A ssumptions introduced:
(1) —  has been considered as independent of temperature,
except when calculating convective velocities.
Then it was assumed as a linear function
f(T) of temperature.
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(2) i ^ / X ( I ) a r e  considered as independent of temperature.
(3) The model of convection in the gas was simplified to 
two columns of gas.
One column is moving up, on the side of the hot wall 
and the other column moving down on the side of the cold wall. 
Also, the columns have constant velocities- (V) adross their 
cross sections.
(4) A gap, between two parallel plates is considered.
(The data of the present experiments have also been 
collected from the flat column).
Column's length (height) (L)
Column's breadth (B)
The coordinates used are:
Along the length of the column z
Along the breadth of the column y
Perpendicular to the walls x
At the cold wall * x = ~w
At the hot wall x = V* w
(5) The convective flow is assumed free from turbulence.
(6) The temperature distribution across the gap (2W) is
assumed, as only due to heat conductivity of the gas (as if it 
were s t a t i o n a r y ) .
(7) The steady conditions of flow were assumed
s i  ■ oDt
N o t e : The effects of the above simplifications on the
interrelation of parameters will be considered.
Considering now the hydrodynamic flow, which is a major 
problem in determination of transport, it is assumed that:
for (a) non-turbulent flow
(b) with gravity as an external (body) force
and (c) with.low velocities (because the convective 
currents occur in limited space, between 
the walls) also, 4
1 8 4
(d) at steady conditions Dv = 0 
Dt
(8) The compression of the gas is negligible.
The continuity equation £ ' ^ 7 * 7 / '  ^  ~
for incompressive flow is then reduced to c?» v  -  o .
So, the equilibrium of forces, expressed by ^av-ier Stoke 
equation: ^
will be reduced to (7c) (Jones & Furry p . 166 eq.40)
f  -  y  V f  +  )> V  * v -  ~  o
w h ich is: j) ~ y (  V - V ) V ’ l) o L iv  C jr & d  5
y
w h s r B • Dv • » • •* • ■=-- = 0 at steady conditions and the term containingD t . . .
v - v =  0 vanishes because of incompressive flow 
Taking the equilibrium along (zz) (See derivation of (7))
Fz —  t ?  y - y  [7 2'2 ^  ~ o  ••• (7 d ^
The simplified equation of flow, used by Jones & Furry is:
F z -  ~  y o t  ^ ^ 5 7 -  ~  °  ••• (7e)
This is derived by further simplifying assumptions (possibly 
as f o l l o w s ) :
A Lap l a c i a n  in vector notation is:
mFrZ'V~ ~ XZ *<1% o + j-  Zp’2'V~2 A
where i,j,lc are unit vectors
In the equation (7) the Laplacian has been f o r m e d
(from p-?gx  f  V fO -x  ) by summing up the components in
directions xx, yy, zz.
Therefore in (7d) we have which is a component in
the direction zz of the Laplacian T7 t f i r  .
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^  x  M. 0  ^  O  z .  *-J  ^
V*JK *{v-vv*)/<Al so 17 */7Sl = fV 'TTir-* I /S  =z / m>— £ -f~ JT— L-fi-O— b U /r r —
(9) The motion in a flat parallel column may be assumed 
as two dimensional because (theoretically) there is very 
little change along the width (.direction yy)
Therefore, the change along y y :
and the product:
% -  0  ' ( £ £ / )
The iTaplacian in two dimensional flow would be ;
•  — s O  . O  , )  * O '? -*.
V  ' * i  ~ ( m 1 M T ( o 2  " T T
< *,*■ ) . / . £ $ *  a S ; .
(10) To eliminate tbe next assumption must be that 
there is no change in velocity component along zz.
Then: 2 2 f *  -  q  ^
and the product: 4 )  ‘( u z f ^  ~  °
therefore assuming the changes of (vz) in xx direction only
F o  Z.=  -r ;* /P a t *-
This assumption has already been made assuming the hydro- 
dynamical model consisting of two moving columns of gas at
constant velocities across their cross sections.
Note 1 This is, of course, not exact because
there are velocity changes along zz at every 
point in the gap (at steady conditions) The 
changes on the cold side are compensated by the 
opposite velocity changes on the hot side. This 
is to maintain the continuity of flow. The
m agnitude of velocity changes (along zz) is also'
modified by the horizontal vortices that are set 
up in the g a p .
1 8 6
Note 2
Q v r -
0 7
f X  V
wh 
f o
It may be argued that the only term 
ich is left in the expression for viscous 
rces is
fO  <Vhz
where ^ ^  represents a tangential strain 
on which V =  f y  mainly operates.
y  I f  +  v 'L T '-  ~  oSo •7  K*-
/ *  *3.ii.»
w h e r e : ^  is a grad of (p) along zz.
The equation represents the changes of "force vector" 
along zz (at each level z) while x changes from - w  to +w.
The same equation in the form:
means that viscous forces in zz directions are balanced by the. . .
body Force F r  and "gradient of pressure" along zz.
The equation is reduced (Jones & Furry) 
to
£
This form is obtained (nearly without any approximations) 
as follows:
F_ as a body force per unit mass in the equation actsZ i
in positive direction (up) +Z - 
Therefore, if it is gravity,then F^ = -g
and F ? V  g. (where j9 is at the point of action xz) . 
Also, the gradient of pressure will depend on the weight of 
columns of gas and so, average densities may be used.
At level z pz = po- ^ g Z
where 0  is the average density of a column$  o-:
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•G
,from 0 to Z .
SO — X j J -  -  .
Substituting into (7f):
/ *  o f f  r ~ ( - f *  f ............C 7 9 ) .
which is the form of equation as in (Jones and Furry p . 166,
eq. 41)
(11) The only approximation that would have to be done is
that 0  _ is an average density to the level z and in
/ a ”* r(Jones and Furry derivation) it is j  an overall average
density.
Although the first form is the same the reasoning must 
have been different because of the last stage in equation C4 ~0 )  
in (Jones and Furry p . 166)
S '  ^  ~  / a  ~ E f  =
then: ^  f a  '
It is assumed, that f  ~ $  f  ^  $ f ' h^e body force yz
is acting on an average density and in "down" direction as
positive. Of course, F is acting on the actual density atz
each point (x,z).
If it were the only assumption, then it would upset the 
interrelation between parameters, especially between T and 
the (Net transport) in relation to x and z. It is because j 4 
is a function of T and of the (net transport) due to thermal 
diffusion.
However, the next assumption improves the situation.
The expression for (grad p z)(in direction zz) that should
rather include the average density of the gas column is
1 8 8
expressed as is the actual density at the point
(xz) . This assumption is rather artificial (just to fit the
final formula) because grad p = has been obtained
z 2  < 7 2 l 
by differenciation of = f r o & f 'z .
w h e r e ^  is an average density from 0 to Z.
o ~ Z
From these two assumptions the result is nearly correct 
as in (7g) and it is also for (zz) in UP) direction (as positive)
Note: In fact the relation between
pz
V
and
and
is exponential and could be used.
(Jones and Furry) use ^  to denote v i s cosity coefficient
so... (8)SO
Density ^  (at the point (x,z) being the main parameter
for convective velocity (v ) has to be determined with morez
physical meaning.
Only the temperature dependance is considered:
T _
T
• 2- /
T
S O
w h e r e :
t - t
/  “ /  V  T  )
^  —  average density
—  ^average abs. temp
T ~ { across the g a p .
(12) T - T
This is acceptable if (AT) is small. Also, the equation to be 
derived is for an overall transport, so, with linear t e m p e r a ­
ture distribution, T is higher on hot side and it is lower
'by the same amount on the cold side. This has a compensating
effect when net transport is summed up across the gap. So T
m ay be used instead of T) .
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Of course the interrelation of parameters depending on 
(T) is upset.
/  ~ 7~Therefore
r - f o -  M
(13) Assuming A = const (heat conductivity) the temperature 
distribution across the gap is assumed to be a linear function 
of W.
Ex: T = T + AT2W x (Ba)
where AT = T R - T Q
f, or AT = t r - T"'
y r
T t
N o t e : Measured temperature gradients
are not linear. Obviously they 
are affected by convection.
Substituting into (8), we have
; f o - J $ t )  = f d -  - -  f  o - f f n
7  o x *  
( O k 1
f ! ( ~  t
-  X - x T
t  /  2 . M T
where
AT total temp difference
(9)
(which is eq. 44 in 
Jones & Furry p. 166).
(14) It is now assumed that ^  = const, which reminds us that
the main purpose of the derivation is an overall transport and 
not the interdependence of parameters.
Equation (9) is integrated against (x):
.again
f a f s
- f t 7 s-
1 9 0
x  }  o = M 9
where: v vanishesz
Substituting limiting values for x:
for x = ± w
then C = 0  z
0 . U i Z u .  
1 f Z H ' f '
So, an expression for convection velocity component v is:z
or
f f L =  x 3 +  J m L L s  
/ Z * > T
=  n  M - x r 3)
v -  -  ± 2 L ^ ( ^ -
*  t a p  * * - ] - fe '
(10)
v is a 3rd degree function of (X) with 3 zero points at z
(-w, o, + w)
v average velocity of a column of gas
maxima of v ar e : z
i z e r „ *  =
L fi/j  / 2  Lf-jfr
( ~ 3 x * + = o
(  / z  ~ r '■
O i t  X  -
O
L f
, \
✓
/ . 
/ ,yr*
rt w
I
« / 3  f
(15) As described before ,the hydrodynamical model consists of 
two columns of gas, one moving up and one down, the velocities 
across each column is constant.
Here, an additional assumption is made that two average 
velocities are equal so a perfect geometrical symmetry is 
also assumed in the model.
1 9 1
Of course to satisfy the continuity any mass velocities 
should be the same in (Up) and (Down) direction.
So, we find an average value of (v ) on a half gap ( w ) .z
tot
ht
-  i f  r » * x  - x 3 ]
_  I f J l  • • •  ( 1 0 e >
~ /26  j -  ?  4 ? p  T~
Net transport *U  ^  (°f lighter component (1))
11 is the average concentration of (1) in hot column
is the average concentration of (1) in cold column
at a given level (z) (expressed as mol fractions)
The back diffusion due to concentration gradient (down the 
column) is:
1  0
-*2wBD -----
y  z
where: 2wB is a cross section of the gap
2 w B ^  mass of gas in the gap per unit height
D coeff. of concentration diff.
mass flow in a column of gas per sec. 
So: (transport of (1) (up the column):
- y r  »
<£-' =  f - P t a  S C , "  -  B C / - 2
fQd t
T, ~ f ( c ( r~cj)'iru&
. . .  (11)
11 1 where is the mean of c^ and c^
*7**(16) It is stated that the transport Cy depends.only on the
cactual state of (Ch ) and of   1 and not, on the rate of
h  2 *
change of (C^) and/*; C j £n time. Therefore with no lag in time
* 0  z
1 9 2
the calculations for a steady state are also true for non- 
e quilibrium conditions.
At steady conditions the effects tending to change 
1 1 1the value of (C^ - ) must add to zero.
11 1There are two main reasons tending to change (C^ - )
(a) The effect of moving column of gas in (UP) direction
11tends to decrease (C^ ) - (at a given level) by the
a m o u n t :
_  -  I e ,
—  I f f  per second
This is a case of moving element of fluid along
Cassumed fixed concentration gradient ___1 - moving
from lower to higher "
1 .is increased by a similar amount because the
column noves down the gradient from higher values of 
(Cl1 )
1 1 1So, is increased at a rate of
^  v r  1 _  ~  Per second
^ 9 2  " 0  is. ~
11 -^ C l( C, is decreased at the rate = v-- )
* 1 0  z *
(b) The other effect is due to:
■ thermal diffusion and concentration diffusion 
across the gap (xx)
The columns of moving gas are symmetric so the distance 
between their centres is w.
(17) At a given level the concentration of (1) in a column
is ( C 11 - C 1 )
11 1c — cso __1________1_ is a concentration gradient across the gap
w
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2 s j  =  c '" ~  c '> 
n x
- £ r  _
also,the temperature grad along xx = '= -7—
, -j /
^  J  7^
this is obtained appromately by differention of 
expression (8 a) against x.
So, substituting into a basic equation:
c , C v , - v )  =  2 > /z
=  A *  ( x  c ,  -  ~ - j
we have: / ' .
-^  S i~ ^
if v. -v = v- • lx
where:v is an average velocity of gas along xx. 
v-^ velocity of specie (1 ) along x x . 
v ^ x net gain in velocity of specie (1 )
.... < i w
~  (ther.diff - back diffusion transQ
It is the net transport of component (1) across the gap 
per unit area, grams per second. t
The thickness of each column is w. Then, dividing 
the net transport (across the gap) from (1 1 a) by w, 
(which in fact may be considered as a volume)
= w • (unit cross section) \ iA
1 1  / - vwe have a rate of increase of P Ch y /
= 1  *
(approx.) - assumed: linear gradient of concentration
A>
1 . f#Of course, will decrease at the same rate.
r  
/
J  i I
1 9 4
11 1So, an increase of J  (C^ ” G l  ^  ^because of "net transverse
transport" is _  -Pc/'ZK __ /■_ C f fje
11Total rate of change of (C^ 
at a given level) must be zero.
) (of concentration of (1)
11 1Therefore adding the increases of (C^ - )
(transverse effect) + (vertical effect) = 0
Substituting the value of from (11a) :
f r  e,e, -  f c *  -  »  £5
O C /
-^•(thermal diff effect transversal - back diff. transversal) 
- convection effect = 0
Solving for (cilx - c i 1)! 2 > * ' i
t f* .
(Back diff. transver.) = (thermal diff. transver.) - (convective
ver t i c a l )
11 - c11 " oC ct ez
z  r
n r  t j Z  ^ C f  
2 > o  SL
Substituting into (11)
O c /
T , -  f ( t , C J  *  " B ~ 2 t o  3 f £ >  —
T r
total transport of (1) UP,
due to convective velocity v 
11 .and cone, m  hot column
and c o n e . C^l in cold column
at level zz
Back diffusion
along vertical grad 
? O r
z
Down
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then 2 -
>— ■ „  — /  -<d T  u  nr- |  0  r> /> T\
%  = A > 2 ? / ^  j y  “  y  —  —
z ;  =  ^ 3 f£ > j f f i
-  ( t h e r .d i f f .e f f .trans) - £ back convective eff.vert
v. (UP) + Back diff. v e r t . ) 2 f ^
S ' ?  Z .
Substituting for v from (10a)
(v - convective velocity - it is an average velocity of a gas 
column ~ across its cross section wB)
A S  ^  ~j~~
we h a v e :
But are mol fractions
so, C. + C 9 = 1 C0 = (1 - C.)
so. T ,-  c )
We have: >— „ . , ^Z7 = -+4y) z f j
The parameters H, K c , are called "factors" or
"constants" in thermal diffusion calculations
w h e re: H - £ s l & £ % S *  A ~ )  *  is a "transport
^  7  factor"
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K c
w h e r e :
HC1 ( X - C 1
w h e r e :
) represents a vertical transport of (1), which 
is due to the convective velocity and to the 
transversal effect of thrermal diffusion.
- f 3  / C s T t #
= ' '2 r is a "convection factor"
2 S & 4  2 2  l ~ j
o c iI<c «  ____  represents a re-mixing effect due to
4? z convection (Along the vertical gradient^ 
of c o n c e n t r a t i o n ) .
3  2 3  is a "back diffusion factor"
K . ? C 1d ---  represents a re-mixing due to back
tr z
diffusion along the vertical conc. grad
7  C !
z *
1 9 7
A P P E N D  1 X  2
HEAT BALANCE ON THE COLUMN
(Design of the installation)
y  — \r" 35.
z - . - j r . - .M j c H H - c  _  r  =  4 o o 9c  -  7 * * ^ - 1 2 1 2 . 
y  I J
)   Z + = 7  ear,5 J h O f 'S ' ° P
)  | Tr * t ? * C  f S ' $ 9P
x i - J r . v . . .  . 7 -  N
a t r  *
9 * p  4^
 \jetlU ny
Ift'ltH  
o f  %O0f^ei\
1• Radiation A/C the gap: (15) (32)
For gray surfaces and large parallel plates
= - t L U & f r ,7
w h e r e :
£  A / a u k  7
£  - ( E T *t ^ t a /
f e r «  1
L
c r -  =  / . r s . ' o - ’h ^ — J .
1 9 8
- 49.17 f - 3 LV 7( l*iin*f t J •
2. Heat transferred by conduction and convection
a) Conduction: (15)
Q, kAT 0.0227x12x693 „ „,nr/ BTU^k =   = ---TZ77R i  ~ 0 .0525 VTT7— TTTT/Y 3600 x 1 rt^'sec
Assumed: Max. heat transfer by radiation A/C the gap is
where; k . 0.0227air
X = 1 inch (gap)
AT = T3-T5 s 693of
b) Conduction and convection (15)
O . 0 ( _ _  . _ /  s. „
<2?
0  / J ~  ( G - t -  «  P r )
f t  = £ M L  S  0-77  f a  f a ;  a * - =
G - f =  —  -  -
0 2 S* 'j> O .ee04- — —
( S r A 'P *  ~  + '2 9 4 -x / o S  8  ? ? s - o o
w h e r e :
Average temp, of the gas:
77v- =  ~ s ~ ”  =  —  -  £ > £ s--s~ ° /z =  -£<?./> r  ‘K
f  -  * ' c * * * M£ f r r
Gap width: *2a? r  =* / ^  7]jT* .
Temperature drop A/C the gap: A T = T 9-T,.= 693°R
. 1 1  Coeff. of thermal exp . (volume trie) : 3 = —  « 8 65— 5
jz
Density of air:
av
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Gravity acceleration: g = 32ft/sec
Viscosity coeff. for fli> y = 0.025 c.p.
* 0.025x0.000671 (•
M
t h e n :
lb
ftxsec
o  9  50.15 x 995£)0 = 0.15x17.76 = 2.664
Q, x 2.664 = 0.0525x2.664 = 0.14(- BTU
ft x sec
8 . 4 (  B T U _  
ft+xmin
Total heat transferred A/C the gap:
Q = Qa + Qrad = ' i j + g - 4  =- V y -S ’77[ f t 1*. J
-  r y  j~ 7 7 *  s r / M  =  .
Heat supplied to the inner tube:
.Conductivity through the wall.
X , '*S3  O 'Z S *  2 J 6 Q X& 0  _
t z - t 3  =  - j r r p ,  ~  
-  3 / 9  "E.
... 7 1  =
x«
4/1
T,
I
7 -
§
a i V
♦nvwj
' f h t  it**' € l~
Tm It is proposed to circulate
Ta e7S2*P  hot Nitrogen through the 
<*inner t u b e ’ .
For turbulent flow (32):
/ * ' 6  C p C & 'J a ' *
Heat transfer coeff: based on Nusselt
Also: Nu = 0 . 0 2 3 x P r ° * 4x R e ° * 8
= 0 . 0 2 3 x 0 . 7 7 ° * 4 x  Re° * 8= 0 . 0 2 0 7  R e ° * 8
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. . .  - j -  =  o - * z * 7  ( - p p - J
7) " i ; " ;  A  =  v & ~ .
.O ’ ?
/ Z x O ' Q f g  * I / Z  0  * 0 &O& 7 / j
h » ,  =  / 9  G - S '* *  = 2 9 6 c - < £ o
s. 0 -8  j_ _ Z ? £ Q <  6 0  _  t o n
C x, * * * * *  -  / ( j j ' S - y A *  •
w h e r e :
, i i I M Z Z L  1
k t o ~ < s l A f  -ft*  " ^ , / co
h  r k f p f f ]  haat *
ff. of heat c o n d . of the wall
coeff. of heat cond. of Nitrogen
ransfer coeff. to the wall 
from (N^)
spec.heat at const.vol.of (N2 )
iscosity c o e f f .
3
Z ) i  ~ e/* ^  ( f / y t Y h i u / f ’t  A a e /t 'k s jx ffi =  ^ »jF"  ✓*
= C y p T j T i j  - ■ mass flow of (n2?
7 ST **
\
7 < S f  7rr°pr
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For working conditions of the blower the 
temperature of C ^ )  should not go much 
higher than intended (4 0 0 ° C ) (752 °F) .
| 7 n »  i
Assum i n g  the temperature drop (105 F) 
during the passage of (N^) through the
nner tube:
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115 - 10 _ , n ,oFA tm = h— o— ; 4 3 . i2.3, log 11.5
„0 . 8  _ 182 182 _ ,
G % T a  ' 4,22
G = 6.207  )
ft xsec
6.207x35.25 i n. /or G = ----- 7-7-7-----  = 1.52 lbs/sec144
Total flow through the innder tube
1.52x1275 c q -7 / xn. / \G ° 0.0782x460 = 5 3 ‘ 7 (<=“ • F t ./ s e c . )
460where: f  N„ = 0.0782 x 1275
Tav= 815 °F = 12 75 ’ R
N 2
It would not be practicable to use such a high rate through 
the inner tube.
If (N2 ) is heated to 500°C:
( m a x . that the gaskets would allow)
a * *  -  ~ % 2  ' = * V - > v -
<2 * * =  =  fo&  
, _  4 - e S x 3 S ' . z r * / z 7 S '  Q- ? r
- • O  —  / X f t f - 4 - 4 0 X_. .
This is Still too high.
Circulation of Nitrogen
C/S of the inner tube A = 35.25 sq.in 
Diameter, of the duct; 2
35 .25 =
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Length of the duct
(Equivalent lengths 
taken from Perry
(32)
1) 12+3+3+5 = 23 ft.
2) (4)-90° elbows
(standard) 
each equivalent 
to (32) Dia.
3) (2) long sweep
(90° e l b o w s :
(20) Dia.
4) The equivalent 
length of the 
duct for 11 feet 
of the inner 
t ub e
is calculated 
from hydraulics 
of flow:
(Perry (32))
*  ,  j r p . .  ML*1
for rectangular C/S:
Z f .  S * * * -
w h e r e :
. correction factor
For circular C/S the (weight) rate of flow:
L length(ft) 
p ^ p 2 up stream and down stream - static p r e s s u n
 ^ lb (force)^
ft 2
/lb (mass), .w ( i L) rate of flowsec
f >lb massg / density
ft'
z lb , viscosity
a,b rectangular shape dimensions 
f t  =£(-“ ) sbap e factors (for
then: for inner tube: a = 35.25 in
b = 1 i n .
b 1 0.0284a 35.25
from Tables (Perry) f t  = 0.009
If (L) _ . is eqauivalent to (Ln) . nrectangular n 1 circular
... w  ^
A .  A t  £m  4
Ljt>i±_ < £ } £  
■ ■' /• . E jA O . ff /
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. , . 7Td 2but A = ab = — y~
then (L i ) c ^rc< . “ 2TTn ^ ^ r e c t a n g u l a r
Length of inner tube L = 11 feet 
. Equivalent length of the inner tube is:
f e 't J c L c . . ~  £ i r  f t  *  -
Total equivalent length of d u c t (6.7 in Dia):
If the whole heat is supplied from circulating Nitrogen 
with temperature drop of (105°F) then:
«  *  * * 7 ....................
< -  - <£‘7 *  ( J ' 2 p 7 * / P S  -  / &  .
/ *  / 2  x<2 * / 2L
=  0- 03/ T x  0 - F H F 0  6 7 Z  —  g  Jwhere
then friction factor:
0.32
f = 0.00140 + 0 ! 2 5 ( ^ )
- 0.32
= 0 . 0 014 0 + 0 !  2 5 ( T > ■) = 0.00408164000   •
From F a n n i n g ’s Darcy equation (32) *
^  //. P Z i t  • C * 1  J *  ** A 'fa& Z j k s # .
* — £  a  c 2 )  "** «£-««?<?•/'Z & 'X  d '7 *
-  J S F O j  x i tA .a u i j  .
Power to drive the blower:
P = c’£A*n ~F = 37.8 HP where: = 0.5550x0.5 .(
Linear velocity would be: ~ = 219 ft/sec.J j » Z j
205
The velocity and power required are not practical.
Also, *the heat transfer coefficient (although improved) 
would not be high enough for the gas (1^) to lose enough heat 
during the short passage through the inner tube (11 f e e t ) .
Because the greater part of heat loss across the gap 
is by radiation, it seems obvious that radiation should also 
be used to supply the heat to the inner tube.
The gas (N2 ) , however, should be circulated at an economic 
speed to prevent local overheating from suspended elements 
inside the inner tube. (It will also add to the radiant heat 
by heat exchanger effect.)
Optimum velocity:
From simplified cost equation: (Perry) (32)
p . -  = * - 2  /
& •  2  & j""
0 - e > z e z  J * * -
then: (as before)
f L  =  - H *  =  — f z p - T N e ------ 3 z e ° °
A
Friction factor:
f = 0.0014 + 0.125 k (— ) = 0.00589
0.32
DG
The work on each (lb) of gas to circulate it once through the 
installation:
_  _  p - f S - e .  _ ’ p . ' 0 0 0 8 9 v 3 / / ’- / ’Z 4 S % / z  __
'  Z  f - c . - P  P i .  ~~ ~
.*, Power required:
F x w _ 402x0.305 
550 • ” 550 x 0.5 = 0 . 4 4 5  HP
Maximum heat that could be transferred from the circulating 
N i t r o g e n :
h - X9G0,8 = 19 x 1.245°*8
Q = h*AAtm = 19 it 1.245G ‘8 it 5 1 ’4 71 43.1 =
= 50200
Q = S2|00 . 836 (BTD.J
x 60 min.
8 3 6  1 * t. -  • .approx. 2 9 6 0 = 3  ° heat required.
Total pressure drop A/C the fan:
’ _  7/m  d  0  <
£> * E O S ’ ------- c— —      ---
/ Z  */Z*. 3  / /
- V  = " •  » * 6 g r J
Fan specifications: 0 b t a i n e d :
n 4. 4- c/o /CUftv -rt_CU.ftOutput 648 ( ; ) 700----: ,r m m  m m
p 0.178 in H^O 2-3 in H^O
Hp 0 . 4 4 5 (HP) -0.5 - 0.75
The fan should be slow running with large Dia inlet and 
outlet (6.75 in dia.)
The impeller shaft has to be long enough to reduce the 
overheating of the bearings and of the coupling, to the heater
The fan was obtained from Keith Blackman.
207
Power -supply to the heaters (in the inner tube)
ip TTTTotal heat required: 2960(— :— )n m m
J  - 1054 7 W / / b i u  ; l 1 2 2  - 1.059 KW
P = = 52 KW60
(It means full power = 52 KW)
There are 6 vertical channels in the inner tube.
Therefore, with (12) heaters (long !,U,, shape) two were 
allocated for each channel. (4.1KW per heater.)
Gradual switching (ON) the power was described in Chapter 2.
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1
A P P E N D I X  4
CORRELATION OF DATA.. . (Water film, velocity and temperatu.re
d-is.tribution on the cold wall.
Interrelations between the heat and matter transfer 
(equilibria) are to define the conditions, under which the 
thermal diffusion effect was taking place.
The complex expressions relating the parameters of the 
t.d. plant and experimental conditions, have been solved or/ 
and analysed by computation.
The relations and values derived are to define the c o ndi­
tions of thermal diffusion in computation of “transport 
e f f e c t " .
The transport effect itself, as well as local equilibria 
across the gap, have been obtained from the experiment, by 
measuring the temperatures and concentrations of various points 
in the gap (x , y , z ) .
The measurements have been done simultaneously of t e mpera­
ture and concentration at a given point and also simultaneously 
at all points concerned (x,y,z) in the gap.
Thus, the points (x,y,z, x^ , x ^  , T) are c h a r a c t e r i s ­
tic of a potential field between the hot and cold wall (the
field did not change from measurement to measurement because 
they were done simultaneously).
The computation of (xHg xCQ , x N ..... ) at point (x,y,z)
at time (t) from experimental data (using chromatographic 
analysis) was possible because the column was made large enough 
to maintain the equilibrium (within the precision of m e a s u r e ­
ments) when small samples have been withdrawn.
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Also, the flat walls (plain case) simplifies to a certain 
extent the complex analysis of gradients across the gap. Due 
to the large size of the walls the field may be described in 
two dimensions x,z  ^^
x
(1) Temperature distribution
Cold walls 
Film velocity
mass flow:
the film of cooling water 
- limiting velocity
Equilibrium in the direction xx
y = °; = °; C = 0 ,
*  / *
* 3/>  •
thickness of film at limiting velocity:
t o h t t e  \ c o f o /
i f T k f / i
s  =
max. velocity (on the surface) /. •» J  $  S  \
Y / T ~  
G  U ! P ?  S 2mean velocity U = -■r ■ - ~rz— — -J jj .
-• f s  S - s - f  ■?/'
at equilibrium
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Substituting for S
Also
u  - f t  ( s H f i Y -  I  l/ S B F
4 " 2 0  \ # f  } J  '  *  f /F tS 13
_ _ ± . f e n r  _ j j j H d f a
u * >  -  3  I f / ’ S  4 ~  i / z m S *  .
U s  - ± 1  -  J L . m - j f f
s*■ ~  ■*/* -2 .T*
££a. - .#.£.
S *  3 / t
Before the equilibrium is reached:
(conditions at a distance (y) from the wall - in the 
direction xx)
Driving force
r n >  ,retarding force (viscous) = _ 7  07 JC
/  n /
mass of the element =
Accelerations on the e l e m e n t 3
J L  O ffJ  -
It is assumed that the velocity profile (across the 
thickness of the film) may be expressed as a polynomial
U = C{ + a  + b 2 + C 3 + ........y o y y y
For a streamline flow at any level (x)
At y = 0 ; U = P then U = 0  y o
(Stationary layer on the wall) 
where: x = 0 at the top of the column
A l s o :
at
At y =
then
a l s o :
at y
r y f  = A  + 2* 3 c
— 2 6  r d c p .
O ^ 2 *
n  O H y '  O k *
y = 05 r > f =  a ! "  7 7 p f -  0
• • 2  h  ~ 0 j b = 0
s; = ug = as + o s 3
2 s *  = 0  = a  +  3 e s 2
a  -  - *
l d s  -  -  3 c s
c / s
and c  ~  ~  Z  4  3
3
O l s  T J -
u v l a *  &
y= / J  3
% ■ L V i i -  - g )
£ A > -  _ 3 c * s  U *  -  3 c t t  / / -  - £ I )
“ *2 s  2  S 3  J  2  s  C
A
a n =  t -  i M ) " J t - 0 ~ 5 )
3 /<  U
s  ’  a s  “  ^  f  S  *■
An average acceleration (in the direction x) across the 
thickness of the film:
t t *  -  /  ~  s  L " 74 - f s *  J *
S/lift3 / h A j
& * *  — ^  ** *2 f s * -  4 f s *  0  •
An average velocity (in direction xx) across the thickness 
of the film:
u m  --- - j - / * , -  f i j f a ' P L ~  1 ~ ) ~
—  ^ s  f  £  C  ^  T ~ ”  S  ^  )
~  2 S +  L z  4 -  J
/ >  « .  £ L  ^
l**#* g  ~ with assumed velocity
profile
The mass flow at each level (x) is constant.
WTotal flow is W = const. G ='5— = constant
- J L -  • c~-hL -
So U n  ~  f S s  1 5 $
where £ = circumference of cold walls.
Also ~  - f — U *
U s  _ BJjfiYdA-
J T  ~  S~  fa / -  ~  W *
t h e n :
9  / •  A f s  _ - 7 A P / J %  / x / ' f T i ,
- f t  f> s*~ ~ d f r M * 3 s~po*
and U are functions of (x) until the limiting velocitym m . .  .
(U )eq is reached at level (X ) from the top. m eq
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a  =  4 2 2•m dt
c fc d n , _  .. / v  . A b *
' • *x ~ ex- / * y// *'
- Y W *  2 e r r  f P M  
. •. a . *  = u «  ■ p p  -  f ~  <r t x *
d xAlso: (t - time of flow)
Separating variables:
£>£ ♦  * ^
<*»
Z ~ l£ A M t E r ~^  S~ ] L
if
if
then
so
so
j  / / -  i / r / L f y ' t L *  ~
C s J££M x ... — * ^
^  / - £ £ * 3
e - c t l  r  * *
eX— ~~ 3 U“*" ~ • t e / jo  ‘ 3  c  m  3  /Pp /
y vf** __ t* fZy / to
U +  4 2 'cT cO Z  ~ <2 * - ™
" / c
y h f <***
0 {* t <”  ** r  Z f g *
/ /M . .=■ w V
f  u-. t o  3
h i / ? <§*/*• + 3
t  —~Hf * ~  / ~ A /-(-to  + # t*
r t  *
/ __ /
/•* / - i f *  3
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Also m = A ( l + m + m  ) + (Bjjj+D) (1-m)
coefficient of m . . .  1EA+B-D
2
m
2 1  m c OEA-B ; A=B=-3
1so D = - 3
1  - i  T
1 . 3m 3 t V 7 *  . ---  +    where m  = f  C  *>**» „'• - 3- 3 (1-m) . A A 21-m 1+m+m
i ( _ i _  + “ - 1  )
3 1-m ^ 2 ''
1 +m+m
then:
/ /  f  /  ! H ~/ ) _/
a  J  / ~ * 3 ~ $ 3C cl 3  J L  /■**+**$
2  . <?**•</ ^  
s: -=zr *~P=---fc ©-
A T  H
t
f  tf  f  / X  . 2 t o + / ~ J
■ f w f f  T r X - " * *  y r ~ J  c
Substitute: *^ 7 — *
rr y C  * Oti
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A  =  T r k r L  f c  crj ^ • re** L  r T  J
for x = 0 ; U = U m  o
C =
r T f ^  I f f  / M r F 7 T ~  V T  J
I  L  n l / J f c u M f c u l  f - f a . )  ..... rt- ^  /^ » z E $ A - J
-  f f T ~ f z i M/)l / g f r * ,  r f P M  i  J fE - u m)  t  n -tM iO A A O O U j
$ s j
This is X s* ± (U ) the distances from the top of the columnm
at which corresponding values of film velocity (tfm ) are reached
_  I> s
S-ftw
if the velocity profile is expressed by polynomial
/ g / t f F ^ u lAlso, —  *p »» J-, ,/ ■— -------■
a *  -  ^  ^  i V £
At equilibrium ” 0, s o > with the same velocity profile,
the limiting velocity /T . i _X ,  / Z r >
t o y 2-; '
From the equilibrium calculation across the thickness of 
the f *" ' ^  ^ilm eq. (n) » / £ . / / «  /«/*
( U h j a j  - f f f a j j * -
and by similar calculations • 
l
„  -  I f / l A f f
. - 3 / f i S . M
And, if not at equilibrium ^  — f a /* '
CL -  *  -  and also **, ^  ~  J r  fa /  3
3
and
r p - 2 1 9
. - W j -
which is nearly the same (as in (nl)) 
and probably more near to reality, because the assumption of 
velocity profile expressed by polynomial with only three terms 
is an approximation.
Whichever method is used:
Y c  U h  '  ■
the limiting velocity (Um )eq would be reached at a distance 
(x) from the top of the column:
r  / L/ i h + / Y /  ~  / - f e d * )  fC. r j  w O ~ T .n l,
X - r T f W l  ■ T V  J
So, o O  to reach the limiting velocity (Um )eq. j
Theoretically, this may be true but in the expression 
the function is mainly logarithmic and so it grows very slowly.
(X is obtained asymptotically). Of course, if there is a 
starting velocity (UQ ) at x = 0, then the film will attain 
nearly (Um )eq at the top of the column.
To estimat the values of (U ) at different levels ( x x ) ,m 9
it is assumed that (U ) is a fraction of (U )eq.:m m  ^
u m ! < V e “
then V c ~  * u * ,  ~ - p r
From equation (n3)
3
v  _  p jf£ _  fi>  [ i /I E E -  5 -  .  „ ^ * » f i ' r r ( n , z E L E \
So, in equation (n2) (it would be) :
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To simply the computation: 
TABLE 1
K
JL
n 00•o 0.9 0.95 0.98 0.99
b 1+— +— 0 n 2 n
2.44 2.71 2.8525 2.9404 2.9701
h 1--n 0.2 0,1 0.05 0.02 0.01
m ( f l ) 0.8666 0.9333 0.9666 0.9866 0.9933
3
(P) 0.0287 0.0416 0 .0541 0.0709 0.072
then x f f j ™  I i  I z E f f A -
if U o  ~ 0  .
2
t, A. Q V  v  *
x  = - r f f - J . . .
• is calculated for the conditions of each experiment.
f f j J
so (P > = o - o t s J J  f*  - f a ) — * A d 9 / i
may be calculated for values of — = 0 . ^  / 0 '$STj O &
1 . n
' (—  = 0.98 means that the film reached 98% of the limiting velocity)
If there is an original velocity of film U q at X-0, the 
limiting velocity (Um )eq shall be reached at smaller value of 
X.
To check the effect of U on X the conditions ofo
•Experiment 34 are analysed.
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$  =  I I  /  S  =  O  t Z S - " j
U  - J L -  -  S J L 2 J J  ,v _ / ? . ? .  J § -
s-S < o-t t f* S 7  /  * •* jp
4 ) ’
A ,  i  > ^  /  •> . 7 a ?  s  A
u ' * l 3 - ” z r j i z “ ’ - e n - £
J lr z  * t - C 1 c 7 \ f ^ s E ! £ -
S f c 7  ~  &  o ~ 7 e  z  
Sf e 7 - U 0 = D '/7 2 S -  
f t t f f  =  0 - 0 Z 9 S
« »  ,  -  j j = r  ■ J ?7 % .
A 'Jjj “ ~ O  • S
i /  0 - 0 1 #  [ #  / / /  ^ / - a - / 7 z r \
X  ~  c> ■ ° 7 6 2 . [ f a  (  / /* ■ £ > •  / i z r - r a - o v j g  *  y
« , * / * *  M S  f a *  m i l l
/+■ o - e U £ f z K O . / ?Jj - + / y
X  = 0 - 2 1 2  ft-. ~ f f j t i "  .
F o r  C 4&  ~  O
X  ‘ S % k p  0 * + *  F S z f r ]  *
■= 0 ' 4 - Z f t .  =  r - < g r /!»
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then, to reach U = 0,8(U )eq\ m m
■ - g.
when U = 0 ;o X = 5.05 in
ft/U = 0.651 'sec o- X = 4.48 in
the effect of (U ) is small (?" in this case)
In all experiments the jets of water were directed at 
right angle to the walls and water was collected in a trough 
(top of the column); the water film was then emerging from 
the slit at the bottom of the trough, uniformly round the 
walls. The slip was opening elastically to allow more water 
if the rate was increased.
Therefore it may be assumed in all the experiments that
U = 0 .  o
From equation (n3) the vertical distances (X) have been 
calculated to reach up to 0.99% of limiting velocity.
This was done for all the experiments (1 to 38) using the 
following program: ( F L Q L f )  .
This was to check if the cold wall areas near the Probe
No. 1 were not affected by less efficient cooling due to lower
velocity of the film U .J m
(2) Temperature distribution
Temperatures on the cold walls (inside the column).
Power dissipated, Heat absorbed by water and the heat 
transfer through the cold wall to the falling film are c o n s i ­
dered to determine (T^) at various probe levels.
Power dissipated (3 phase AC) 
12 heaters 4 delta's
VPhase current I • = —
P
Line current I =
JL*
R
L
Total I7 - 72.5 Aiiipisyv^Vrt. 
j V = 405-440 Volts.
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Power P 
P
Pmax
yir x V x I
405 x
\f3 K 440 x = 55 KW
n . 3 U 1  . 4 8 .45B T U / seCi = 2840B T U / m .n _
^T 1.05 4
t \ =  'v,5|-r"7 = 52 = 3120 B T U / m i n .(max) 1.054 sec
(Qt is the total heat produced by the h e a t e r s ) .
Heat absorbed by water
Q = W ( T b - T t ) = (B T D /sec)
Heat absorbed by water from walls
where: (p) is a correction factor to consider
the heat absorbed by water in the 
b ottom trough.
Q^-Q is the heat dissipated from two manifolds, 
ducting and from the blower.
(This occurs by conductivity, radiation and transfer to the 
surrounding a i r ) .
At equilibrium the temperature of the cold wall and of 
water film is constant in time at each point.
So, the heat absorbed from the walls (down to each level 
xx) is the heat which is carried away by the water film leav­
ing the level ( x x ) .
Because: a) The heaters cover uniformly the
whole of the hot walls area
b) The heating effect is spread uniformly
by the circulating nitrogen
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c) Most of the heat transferred 
across the gap occurs by radiation 
at right angle to the cold wall.
Therefore, it may be assumed that the heat supplied to the 
cold wall is uniform all over the area (H x S)
Also, because of a)high rates of water (W)
b)small differences of temperature 
of water between Top and Bottom
< W
where: H is height of walls
jE> circumference around cold walls.
It may be assumed that the heat is absorbed by the film 
uniformly all over the surface of the cold walls.
In fact, the temperature of the film changes linearly 
between Tm and T „ .X iJ
Then Qxpx-^ is the heat absorbed from cold walls 
u between X=0 and X = X .
rr" = T -Tjp is the increase of temperaturerl W A 1
between X=0 and X = X «,
S °> TX . ■ • x + t t
or I j  = p . B~ T -X + T t
where Q w = (TB- T T >-W*p
This is the temperature of the film at level x x . Where (p) is 
a correction factor to compensate for the heat absorbed from 
the bottom manifold.
Velocity and thickness of the cooling film
From the (equilibrium) calculations (Prog. FLOW) over 80% 
of the limiting velocity is reached at less than x = 0.5ft.
It may be assumed (within experimental precision), that the 
whole film is moving at limiting velocity.
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where: ? —
( u 2 l  =  ^X y j S 1 m e d i u m  velocity of the film at 
equilibrium
Also - . time of fall
thickness of the film
from X=0 to X = H .
Power dissipated, heat absorbed by water and heat transfer 
conditions between the falling film and the cold wall are 
considered to calculate temperation of cold wall on the 
ins i d e .
The heat absorbed per unit area of cold walls at any 
level ( xx):
%  w ( W
qx H • S H.s
(Note: The correction factor p is included at the
end of calculation)
The drop of temperature across the thickness of the
wall is:
I / O k
T h e r e f o r e :
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A t  l e v e l  x x :
'c  ■ t r 1 1 i ' i r  'f i t  * W
( T h i s  i s  a f t e r  s u b s t i t u t i n g  t h e  v a l u e  f o r
A P P E N D I X  5
E Q U I L I B R I U M  R E L A T I O N  A T  A  P O I N T  I N  T H E  F I E L D
( C o m p o n e n t  g a s e s  i n  l a y e r s  n o r m a l  t o  V T )  T h e o r e t i c a l  j u s t i ­
f i c a t i o n  ( m a i n l y  c o n d u c t i v i t y )
B e t w e e n  t h e  h o t  a n d  t h e  c o l d  w a l l  a  t e m p e r a t u r e  g r a d i e n t  
i s  s e t  u p ,  w h i c h ,  a t  e a c h  p o i n t  i n  t h e  g a p  ( u n d e r  e q u i l i b r i u m  
c o n d i t i o n s )  i s  a  f u n c t i o n  o f  c o n c e n t r a t i o n s  a t  t h a t  p o i n t .
( T h e  t e m p e r a t u r e  o f  t h e  h o t  w a l l  C T ^ . )  ,  t h e  h e a t  p a s s e d  t h r o u g h  
t h e  g a s  m i x t u r e  p e r  u n i t  a r e a  ( Q c o n d )  a n d  t h e  p r e s s u r e  ( P )  
b e i n g  c o n s t a n t .
U n d e r  i d e a l  c o n d i t i o n s  ( G l a s s t o n d  ( 3 1 ) )
P V  =  n  R  T  -  f o r  n  m o l e c u l e s  o f  g a s
P V  =  ( n ^ + n 2 +  . . . . ) R T  f o r  a  m i x t u r e  o f  i d e a l  g a s e s
o r  x ^ ,  x 2 ,  x g  a r e  m o l e  f r a c t i o n s
A l s o ,  f o r  a n  e x t e n s i v e  p r o p e r t y  X »  t * 1 6  c h a n g e  o f  t h e  
p r o p <
A l s o ,  d i f f e r e n t i a t i n g  t h e  e q u a t i o n  f o r  e x t e n s i v e  ( m o l a r )
w h e r e :  P  i s  t h e  t o t a l  p r e s s u r e
V  t o t a l  v o l u m e  o f  t h e  m i x t u r e
w h e r e  n ^ ,  n g  a r e  n u m b e r s  o f  m o l e s
o r  d x
X l d n l + X 2 d n 2 +
o n  i n t e g r a t i o n
w h e r e
o r
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property x '•
n -  X , + n 0 X „ +  1 1  2 2 = X
d X  =  ( n L d X 1 + X 1 d n 1 )  +  ( n 2 d X 2 + X 2 d n 2 > +
d X  =  ( n ^ d X ^  +  n 2 d X 2 +  +  ( X ^ d n ^ + X 2 d n 2 +  •  • • • )
C o m p a r i n g  w i t h  ( O t )  :  n ^ d X ^ + n 2 d X 2 +  . . . .  =  0
n
t h e n  i n  a  m i x t u r e  o f  ( 2 ) :  n 4 d X ,  =  - n 0 d X 0  :  - —  =  - % / ?■
i  1  ^ A. z n 2 ciXl
w i t h  ( 3 )  c o m p o n e n t s :
n ^ d X ^ + n 2 d X 2 = - n ^ d X ^ n l  | n 2 d^ 2  
n 3  n 3  d X l
d X .
d X ,
B y  s i m i l a r  c o n s i d e r a t i o n s ,  f i r s t ,  t h e  e q u a t i o n  o f  s t a t e  
i s  w r i t t e n  f o r  e a c h  c o m p o n e n t  o f  t h e  g a s  m i x t u r e :
kt  P  =  c o n s t ■ » Q c o n d =  C o n s t  ;  w i t h  a l l  t h e
a t  ( T  )  .  
m
n ^  m o l e s  o f g a s ( l )  ;
iit—4 
>
 
PH n ^ T R
n  "
2
ii ( 2 )  ; P V 2 . = n 2 T R
_  i i  
3
i i
( 3 )  ; <
Co
II n 3 T R
D i f f e n t i a t i n g  a g a i n s t  t h e  p o s i t i o n  ( x )  i n  t h e  g a p :
i ) />  £ r '  ^
T h e  c h a n g e s  o f  ( n ^ n . ^ n ^ )  w i t h  ( x )  a r e  v e r y  s m a l l  a n d  o n l y  a  
s m a l l  e l e m e n t  o f  v o l u m e  i s  c o n s i d e r e d .  A l s o ,  t h e  t e m p e r a t u r e
fOT\ OT\ 0 T \
g r a d i e n t s  t a k e n  a t  t h e  t e m p e r a t u r e  o f
t h e  m i x t u r e  ( T ^ )  a n d  t h e i r  m a g n i t u d e  i s ,  a s  i f  o n l y  p u r e  c o m ­
p o n e n t s  ( 1 ) ,  ( 2 )  o r  ( 3 )  w e r e  p r e s e n t .
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A d d i n g :  1 ,  2 ,  3
p / G J L P A  +  A ~ ) = , r
t h i s  i s  e q u a l  t o :
&  ~ / z w v  =
w h e r e  ( V  )  i s  t h e  v o l u m e  o f  t h e  m i x t u r e .
m
T h e n
- £ ~
i n  m o l e  f r a c t i o n s :  ,  n 2  =  y ^  ,  n g  =  y g
y ,  ■ * } * - + /  j  - t
~ « (£ Z r )  = % •(£
B u t
A l s o
t h e n
P V m _ _
R  • ~  m
o
~  O j <  L  3 -  J ~  ° > r 
" & ' ( § £ }  *  A  0 ) A #
b *> « o j
W h i c h  m e a n s  t h a t  u n d e r  i d e a l  c o n d i t i o n s  a t  P  =  c o n s t .
Q c o n d .  =  c o n s t . ,  a t  t h e  t e m p e r a t u r e  o f  t h e  m i x t u r e  ( T  )  a t  a  
g i v e n  p o i n t  ( X )  i n  t h e  g a p ,  t h e  g r a d i e n t  o f  t e m p e r a t u r e  
i n  t h e  m i x t u r e  i s  e q u a l  t o  t h e  s u m  o f  t e m p e r a t u r e  g r a d i e n t s  o f  
p u r e  c o m p o n e n t s  ( V T ) ^ ,  ( V T ) ^ ,  ( V T ) g , u n d e r  . t h e • s a m e  c o n d i t i o n s ,
t i m e s  t h e  c o r r e s p o n d i n g  m o l e  f r a c t i o n s .
i . = c o n s t . T = T ) c o n d  m
( i . e .  p u r e  c o m p o n e n t s  b e i n g  c o n s i d e r e d  u n d e r  t h e  s a m e  c o n d i ­
t i o n s  o f  P  =  c o n s t ,  Q
T h u s ,  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  A / C  t h e  g a p  r e p r e s e n t s  
a  " r e c o r d "  o f  c o n c e n t r a t i o n  d i s t r i b u t i o n  a t  e q u i l i b r i u m .
I f ( V T ) m  r e p r e s e n t s  a  v e c t o r  f i e l d  t h e n ,  i t  h a s  " p u r e  g a s  
c o m p o n e n t s "  a t  e a c h  p o i n t  i n  t h e  f i e l d .  T h e  m o l e  f r a c t i o n s
2 , y 3
a r e  t h e  s c a l a r  f a c t o r s :
( V T ) m = y i < V T > i + y 2 ( V T ) 2 + y 3 ( V T ) 3 + ( 1 )
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Xn f a c t ,  w i t h  t h e  r e a l  g a s e s  ( w i t h o u t  c h e m i c a l  i n t e r a c t i o n ,  
w i t h  l o w  p o l a r i t y  . . )  t h e  s c a l a r  f a c t o r s  w i l l  b e  s o me  
f u n c t i o n s  o f  m o l e  f r a c t i o n s
( V T ) m *  f i < y 1 > < V T ) 1 + f 2 ( y 2 ) <V T > 2 + f 3 ( y 3 < V T ) 3 + -------
•By s p l i t t i n g  t h e  e f f e c t  o f  i n t e r a c t i o n  t o  t h e  f u n c t i o n s  f ^ , f 2 , f 3 
. . .  f o r  i n d i v i d u a l  c o m p o n e n t s ,  i t  i s  h o p e d  t h a t  a n y  s e m i -  
p r a c t i c a l  f o r m u l a s  t h a t  m a y  b e  d e r i v e d  f o r  c h e m . e n g . p u r p o s e  
( t o  c o r r e c t  f o r  i n t e r a c t i o n )  w i l l  b e  l e s s  c o m p l i c a t e d  t h a n  t h e  
d i r e c t  d e t e r m i n a t i o n s  o f  ct^2 ( e t c . )  f o r  i n d i v i d u a l  c o m p o n e n t s  
i n  t h e  g a s  m i x t u r e s .
I n  f a c t ,  t h e  r e l a t i o n  ( 1 )  h a s  a l r e a d y  b e e n  t r i e d  a s  a 
f i r s t  a p p r o x i m a t i o n  f o r  ( 2 )  a n d  ( 3 )  c o m p o n e n t s  g a s  m i x t u r e s .
T h e  r e l a t i o n  ( 1 )  h a s  a l r e a d y  b e e n  a p p l i e d  o r  m a y  b e  t r a c e d  
i n  d e r i v a t i o n s  o f  r e s e a r c h e r s  i n  t h e  p r o b l e m s  o f  h e a t  
c o n d u c t  i o n .
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A P P E N D  I X  ( 6 )
R E L A T I O N S  B E T W E E N  THE  T E M P E R A T U R E  G R A D I E N T S  
AND THE  C O N C E N T R A T I O N  G R A D I E N T S  A / C  TI1E GAP
(Convection included)
T o  s t u d y  t h e  f i e l d  b e t w e e n  t h e  h o t  a n d  t h e  c o l d  v e r t i c a l  
w a l l ,  t h e  f i r s t  s t e p  w a s  t o  d e t e r m i n e  ( a n d  t o  u s e )  t h e  n e a r e s t  
" w o r k i n g  f o r m u l a "  f o r  t h e  h e a t  t r a n s f e r  ( o n  t h e o r e t i c a l  a n d  
e x p e r i m e n t a l  b a s i s )  t h a t  w o u l d  r e p r e s e n t  s a t i s f a c t o r i l y  t h e  a c t u a l  
p a s s a g e  o f  h e a t  A / C  t h e  g a p ,  u n d e r  t h e  c o n d i t i o n s  o f  t h e  e x p e r i ­
m e n t  .
A n  a n a l y s i s  o f  s i m i l a r  c a s e s  b y  C o u l s o n  & R i c h a r d s o n  a n d
( 1 5  )w o r k s  o f  S a u n d e r s  a n d  K r a u s s o l d  was , ,  c o n s i d e r e d .  A s  i n  t h e  o r i g i ­
n a l  c a l c u l a t i o n  o f  h e a t  b a l a n c e ,  t o  g e t  t h e  " p a r a m e t e r s "  f o r  t h e  
d e s i g n  o f  t h e  p r e s e n t  c o l u m n ,  t h e  r a t i o  o f  t h e  a c t u a l  h e a t  p a s s ­
i n g  a c r o s s  t h e  g a p ,  t o  t h e  h e a t  p a s s i n g  b y  p u r e  c o n d u c t i v i t y ,  
w a s  e x p r e s s e d  b y  d i m e n s i o n l e s s  g r o u p s .
I n  t h e  p r e s e n t  c a s e ,  h o w e v e r ,  t h e  t e m p e r a t u r e s  a n d  t h e  a c t u a l  
c o n c e n t r a t i o n s ,  w e r e  k n o w n  f r o m  m e a s u r e m e n t s  A / C  t h e  g a p  u n d e r  
v a r i o u s  c o n d i t i o n s  o f  e x p e r i m e n t s .
B u t  f o r  l o w  v e l o c i t i e s  ( a s  i n  t h e  p r e s e n t  e x p e r i m e n t s ,  
w h e r e  m a i n l y  t h e  n a t u r a l  c o n v e c t i o n  w a s  c o n s i d e r e d ) ,  t h e  N u s s e l t  
n u m b e r  i s  e q u a l :
Q a c t u a l  h u A T  h*x
t h e n   »   = —  = Nu
Q c o n d .  k A T  X
X
0 . 2 5
0 . 1 5 *  ( G r  x  P r )
S o ,  t h e  a c t u a l  h e a t  p a s s i n g  a c r o s s  t h e  g a p
0  *  Q  . +  Q , . =  0^ a  ^ c o n v e c t i v e  ^ c o n d u c t i v e  ^ c o n d u c t i v e
x  0 . 1 5  ( G r . P r )
0 . 2 5
x
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T h i s  i s  f o r :  1 0 4 < ( G r *  P r ) < 1 0 6
T h i s  h a s  b e e n  c h e c k e d  f o r  t h e  c o n d i t i o n s  o f  e x p e r i m e n t s :
P r  = 0 . 7 4 2
G r  = 3 g A T x 3^ 2 = 8 2 3 0 0
U2
W h e r e :  t h e  t h e r m a l  c o e f f .  o f  v o l u m e t r i c  e x p a n s i o n :
1 1 1
At  •
T c + 4 p  T2 a v
2
G r a v i t y  a c c e l e r a t i o n :  g s e c .
T e m p e r a t u r e  d i f f e r e n c e  A / C  t h e  g a p  (X) :
AT *» T g  -  T X ° K ( b e t w e e n  t h e  h o t  w a l l  a n d  p o s i t i o n  x )
D i s t a n c e  a c r o s s  t h e  g a p  ( x )
1
T h e  t o t a l  g a p  x  = 2w = y y  f t .
A v e r a g e  d e n s i t y  o f  g a s  b e t w e e n  t h e  w a l l s  $  (— - f )
1 f t
l b sA v e r a g e  v i s c o s i t y  o f  g a s  b e t w e e n  t h e  w a l l s  y  ( f t  s e c
„ / l b  c a L  o r  
S p e c i f i c  n e a t  a t  c o n s t a n t  p r e s s u r e  — o c '
l b  F
H e a t  c o n d u c t i v i t y  ( c o e f f i c i e n t )  k  (— -y - — --------------- )
f t  s e c . ° K / f t
B u t  ( u n d e r  t h e  c o n d i t i o n s  o f  e x p )  a l a r g e  p a r t  o f  t o t a l  h e a t  
t r a n s f e r r e d  i s  b y  r a d i a t i o n  (Qr a d  ) ,  t h e n :
Q ( t o t a l  h e a t  t r a n s f e r r e d  t h r o u g h  t h e  gap  a n d  e x t r a c t e d
b y  c o o l i n g  w a t e r )  = ~ ~ ( T B~ T T ) *  P = Qa + Qra<|
H
w h e r e :  W = l l b s ( H 2 0 )| l b s ( H 2 0 ) ' J
( sec J
A „  = 5 1 . 3  s q . f t .  ( a r e a  o f  t h e  h o t  w a l l )ti-
2 3 3
T
B =  T e m p e r a t u r e  o f  w a t e r  f i l m  a t  t h e  b o t t o m
T,j, =  T e m p e r a t u r e  o f  w a t e r  f i l m  a t  t h e  t o p  ( o f  t h e  c o l u m n )
p =  C o r r e c t i o n  f a c t o r  -  t o  e l i m i n a t e  t h e  h e a t ,  a l s o  
a b s o r b e d  b y  w a t e r ,  b u t  p a s s e d  t h r o u g h  m a n i f o l d s .  
( C o n d u c t i n g  t h r o u g h  t h e  g a s k e t s ,  e x p a n s i o n  j o i n t  
a n d  o u t s i d e  d u c t i n g )
A^ ** 56.6 sq.ft. (area, of the cold wall)
t h e n :  Q r a d  = — ■ . ( t  4 -  T 4 ) ( S a u n d e r s  O . A .  P r o c .
H c P h . S o c . 4 1 ( 1 9 2 9 ) 5 6 9 )
w h e r e : 0 . 9  f o r  n o n  p o l i s h e d  m e t a l
1 .  O l x i o ” 8 f" *1 . . . . s t e £ a n  B o l t z m a n ’ s
L h r - f t 2 ° K y  c o n s t a n t .
H 5 1 . 3  
5 6 . 6 = 0 . 9 0 7
H = T^ + AT = t e m p e r a t u r e  o f  t h e  h o t  w a l l  ( K )
= T e m p e r a t u r e  o f  t h e  c o l d  w a l l  (  K)
t h e n :
- 8
Q r a d  = 0 . 9 x 0 . 9 x 1 . 0 1 x 1 0  
0 . 9 ^ 0 . 9 ( 1 - 0 . 9 ) x 0 . 9 0 7
( T  4 - T  4 ) H C '
0 . 8 3 3 4 * 1 0 .“ 8 4 T 4H C
^ c o n d  . + ^ c o n v e c t .  3 8 0 0  * - ~ — ( T B- T T ) .  p - 0  . 8 3 3 4 x 1 0  8 ( T R 4 - T C4 )
H
i . ( 1 )
f c
_  0  k A T  / f 3 g ? 2 A T x 3 . C p / . \ ° - 2 5
H r )
h e  p a r a m e t e r s  i n  h e a t  t r a n s f e r  A / C  t h e  g a p  ( i n  e q u a t i o n  1 )  :
y , f , c p,Jc,8
r e  d e p e n d e n t  o n  t e m p e r a t u r e  ( a t  P = c o n s t . ,  Q = c o n s t )  f o r  e a c h
o m p o s i t i o n  o f  a g a s  m i x t u r e  >X X. , . .  x  X_ f
(. HC^ C 0 2 N 2 •
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/A P P E N D  I X  ( 8 )
H E A T  T R A N S F E R  A N D  T H E  T E M P E R A T U R E  D I S T R I B U T I O N  A / C  T H E  G A P ( 2 w ) s
I O L D  W A L L  A T  ( T c )
( C o n d u c t i v i t y  o n l y )
B E T W E E N  T H E  H O T  W A L L  A T  ( T R )  A N D  T H E  C
xv -  _  a
I n  p u r e  g a s :  /  ~
a  /  - J * 7  9
4 / T *  — — ^  / j / y  * —— —  7  — Y  / £  + •  d
w h e r e  x  i s  t h e  d i s t a n c e  f r o m  t h e  h o t  w a l l .
/  f  — * + /
X = o ;  T = T „  ■ t p j 'M  = o x c  f
X  =  2 u  • 7 ~ = 7 u  • -L7 2 " * ' — 3 -  + c  • c  -  7 ' " * t  2 -
/  /  * + *  c  ~  * « •  /  « 7 j ' c
B a s e d  on T R :
A r t  '  ~  X t > A  . H t / C ' — 7 *  y ~  f i x -
at 
*.* x
± . k + ± ~ t ‘ " ( . 2 2 «  '  k  [ r M ]  -  J
k e  m  'F  t o *  /  /' * > i  ‘ J ~ Z t
on T c \ .
f
h + (  '  ~  Xr<?
t h e n :  •
x ( r ' Z ' r z ~ j * ( T - r »  j
M - h /
X  r T ' r f f j  =  ( T J M ' J f r - M  
^  r " '  =
I f  x  i s  t h e  d i s t a n c e  f r o m  t h e  c e n t r e  o f  t h e  g a p :
_ .  , jr - j- S T - F /
7 x -  -  /  c  )  -  J
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, 2 a ,  7 - + '  = ,
J ? to (T »  + ,)  r.V / “  =  ( T c .* * '-  T fr
< * r    / _________  - f r f f '  r f a )
~  2 ~ ( « + 9  7 ~ " ’  ( y
T h i s  i s  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  p u r e  g a s  i n  t h e  
g a p  a t  ( T ) .
I t  m e a n s  a t  p o s i t i v e  d i s t a n c e  ( x )  f r o m  t h e  h o t  w a l l  ( b y  
e q u a t i o n  l a ) .
A l s o :
- r - * t  f f E  _  — C — . . / r f * '- .  t F ’ * ' )
e  ■ s x  ~  c  "  s
f  ~  t t / * ! )  ' Z / ' 4‘  - ' t .  / .........................................C 2 - )
T h i s  i s  t h e  r a t e  o f  h e a t  t r a n s f e r  i n  p u r e  g a s ,  t h r o u g h  t h e  
g a p  ( 2 w ) ,  b e t w e e n  t h e  w a l l s  a t  ( T u ) a nd  ( T _ ) .
rl 0
q i s  i n d e p e n d e n t  o f  ( x )  a nd  i s  c o n s t a n t  a t  g i v e n  ( T  T 2 w)  
a t  e v e r y  p o i n t  i n  t h e  g a p .  * *
Also from (la):
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3T h e  t e m p e r a t u r e  d i s t r i b u t i o n  A / C  t h e  g a p  ( b e t w e e n  T 
a n d  T / n i s  d i f f e r e n t  f o r  e a c h  g a s .
VI
H
A t  c o n s t a n t  ( k ) , t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i s  l i n e a r :
T a T H ~ "2w ^T H “ T C^ * * • *  ^b y  t h e  a b o v e ^
o r ,  i f  x  = d i s t a n c e  f r o m  t h e  c e n t r e .
T *  j t  7 2 ,  -  j
as  u s e d  i n  " T r a n s p o r t ” d e r i v a t i o n  b y  J o n e s  a n d  F u r r y  ( 1 ) .
- t * -  - t i ) ;  r -  - f f -  r *  f  r
W i t h  ( k )  i n c r e a s i n g  w i t h  t e m p e r a t u r e  ( T )  i n c r e a s i n g ,  t h e  
p r o f i l e  ( l a )  w i l l  b e  a b o v e  t h e  l i n e a r  d i s t r i b u t i o n  ( l b ) ,  a n d  
w i t h  ( k )  d e c r e a s i n g  w i t h  ( T )  i n c r e a s i n g ,  t h e  p r o f i l e  ( le x )  w i l l
b e  b e l o w  t h e  l i n e a r  d i s t r i b u t i o n  ( l b ) .
A l s o ,  b e t w e e n  ( T ^ )  a n d  ( T ^ ) , t h e  r a t e  o f  h e a t  t r a n s f e r  ( ^  )
( e q u a t i o n  2 ) i s  c o n s t a n t  a n d  t h e  sam e f o r e a c h  ( x ) .
a  J f o u
/  : f , . \  ' /  /
B u t , ( ? )  i s  d i f f e r e n t  f o r  e a c h  p u r e  gas
a c c o r d i n g  t o  i t s  c o n d u c t i v i t y  ( lc ) .
'H
M i x t u r e  o f  g a s e s  i n  t h e  g a p  ( 2 w ) ,  b e t w e e n  t h e  w a l l s  a t
( T h ) a n d  T c )
A t  e v e r y  p o i n t  i n  t h e  g a p  ( 2 w ) , t h e  g a s e s  a r e  a t  t h e i r  
p a r t i a l  p r e s s u r e s ,  w h i c h  a r e  p r o p o r t i o n a l  t o  t h e i r  m o l e  
f r a c t i o n  a t  t h a t  p o i n t  ( x ^  x 2 x ^  e t c . ) .  T h e  p a r t i a l  p r e s s u r e s  
c h a n g e  f o r  e a c h  g a s  f r o m  p o i n t  t o  p o i n t  A / C  t h e  g a p ,  a c c o r d i n g  
t o  v a r i a t i o n s  i n  c o n c e n t r a t i o n .
W i t h i n  t h e  p r e s e n t  r a n g e  o f  p r e s s u r e s  ( 0  t o  1 a t m ) , a n d  
a b o v e  1 mm , t h e  c o n d u c t i v i t y  ( k )  c h a n g e s  v e r y  l i t t l e  f o r  
e a c h  g a s  w i t h  p r e s s u r e .  OS)
L a y e r s  o f  p u r e  g a s  p a r a l l e l  t o  t h e  t e m p e r a t u r e  g r a d i e n t
I t  i s  a s s u m e d  t h a t  h e a t  i s  p a s s i n g  t h r o u g h  e a c h  g a s  a t  
( 1  a t m )  a l s o  t h a t  g a s e s  a r e  i n  l a y e r s  p a r a l l e l  t o  t h e  t e m p e r a ­
t u r e  g r a d i e n t  and  t h a t  a t  e a c h  p o i n t  i n  t h e  g a p  t h e  c r o s s  
s e c t i o n  o f  l a y e r s  i s  p r o p o r t i o n a l  t o  t h e  m o l e  f r a c t i o n s  
a t  t h a t  p o i n t  ( x ^  x ^  x ^ ) .
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rX f  a t  a n y  e l e m e n t  o f  v o l u m e  ( a l o n g  t h e  g r a d i e n t ) , t h e  
l a y e r s  o f  p u r e  g a s e s  a r e  i n s u l a t e d  f r o m  e a c h  o t h e r ,  t h e  t e m p e r a ­
t u r e  d i s t r i b u t i o n  i n  e a c h  l a y e r  w i l l  b e  as  e q u a t i o n  ( l a ) .
A l s o ,  t h e  r a t e  o f  h e a t  t r a n s f e r  ( ? ) ,  t h r o u g h  e a c h  l a y e r  ( a t  a n y  
p o s i t i o n  x )  , w i l l  b e  c o n s t a n t  as  i n  ( 2 ) .
I n  an  e l e m e n t  o f  v o l u m e  o f  u n i t  c r o s s  s e c t i o n  a n d  ( P x )  
l o n g ,  a t  t h e  d i s t a n c e  ( x )  f r o m  t h e  h o t  w a l l ,  t h e  t h i c k n e s s  o f  
l a y e r s  o f  g a s e s :  ( 1 , 2 , 3 )  w i l l  b e :  ( x ^  x 2 x 3 )  • S o > t h e h e a t
p a s s i n g  t h r o u g h  t h e  e l e m e n t  i n  u n i t  t i m e  w i l l  b e
w h e r e :
q x  = q l x l ^ ' q 2 X 2*^q 3 X 3*^ .............  ^
^ l q 2 q 3  ^ a r e  t b e  r a t e s  ° £  h e a t  t r a n s f e r  i n
p u r e  g a s e s ,  as  i n  ( 2 )  a n d  ( x ^  x 2 x ^ )  a r e  t h e
m o l e f r a c t i o n s , w h i c h  a r e  c o n s t a n t  a t  e a c h  
p o i n t  ( x )  i n  t h e  g a p .  ( B u t  i t  v a r i e s  f r o m  
p o s i t i o n  t o  p o s i t i o n . )  T h e r e f o r e  t h e  h e a t  
t h r o u g h  t h e  e l e m e n t  q x = q ^ x 1-)-q2 x 2+ q 3 x 3 w o u l d  
b e  c o n s t a n t  o n l y  a t  e a c h  f i x e d  p o i n t  ( x )  i n  
t h e  g a p ,  b u t  w o u l d  v a r y  f r o m  p o i n t  t o  p o i n t .
S o ,  i t  d o e s  n o t  d e s c r i b e  t h e  a c t u a l  e l e m e n t  o f  v o l u m e  i n  t h e  
p a t h  o f  t h e  h e a t  f l o w ,  b e c a u s e  t o  s a t i s f y  t h e  c o n t i n u i t y  ( d i v  q = 0 ) 
t h e  r a t e  o f  h e a t  f l o w  ( q x )  m u s t  b e  c o n s t a n t  a n d  e q u a l ,  a l l  a l o n g  
t h e  l i n e  o f  f l o w .  ( T h e  l i n e s  o f  h e a t  f l o w  may b e  a s s u m e d  
p a r a l l e l  a n d  a t  r i g h t  a n g l e s  t o  t h e  w a l l s . )  T h e  e x p r e s s i o n  
q x = q x x ] £ ' cl 2 x 2~^q 3 x 3 w o u l d  r e p r e s e n t  t h e  t r u e  r a t e  o f  h e a t  t r a n s f e r  
o n l y  i f  ^X ^ X 2 X 3  ^ c o u l d  b e  k e p t  c o n s t a n t  ( w i t h o u t  t h e r m a l  d i f f u s i o n )
H o w e v e r ,  i n  p r o g r a m m e s  ( S I M B . . . . )  ( q x )  d o e s  n o t  c h a n g e  m uch as  
c a l c u l a t e d  f o r  Exp  ( 2 9 )  a n d  ( 3 0 ) .
H e a t  t r a n s f e r  t h r o u g h  t h e  e l e m e n t  ( & 4 / )  a t  ( x )  i n  t h e  m i x ­
t u r e ,  t h e  t e m p e r a t u r e  o f  t h e  m i x t u r e  b e i n g  ( T m )  ( l a y e r s  -  n o t  
i n s u l a t e d ) .
A t  a p o i n t  ( x )  i n  t h e  g a p  t h e  e l e m e n t  o f  
v o l u m e  (3x) - 1 o f  c o n c e n t r a t i o n  (x^x2x )^ i s  
a s s u m e d  t o  b e  a l l  a t  t h e  t e m p e r a t u r e  o f  t h e
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m i x t u r e  ( T m )  . T h e  r a t e s  o f  h e a t  f l o w  i n  p u r e  
g a s e s  ( 2 ) a r e :
1 ' T »  > f r 2 ' ) T i |  2 ( T 3 1 ) T|n a t e  C h ew h e r e  ( T ^  ) „  1
s l o p e s  o f  c u r v e s  1 , 2 , 3  a t  Tm
A l s o ,  q x - x ^ t x ^ ^ q ^  =
~ X 2 k ° 2 Tm ( T 2  ^Tm
~ x 3 k ° 3 Tm
L a y e r s  o f  p u r e  g a s e s  ( x ^ x ^ x ^ )  p a r a l l e l  t o  t h e  g r a d i e n t  
( N o t  i n s u l a t e d  f r o m  e a c n  o t h e r )
C u r v e  (m)  i s  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  m i x t u r e .  
T h e  g r a d  o f  t e m p e r a t u r e  i n  t h e  m i x t u r e  a t  ( x )  i s  ( T m ) .
As a n  a p p r o x i m a t i o n  i t  i s  a s s u m e d  t h a t  i n  a l l  t h e  c o n s t i t u e n t
g a s e s  ( x 1 x 9 x 9 ) i n  t h e  e l e m e n t  (ITx  • 1 ) , t h e  d i f f e r e n c e s  o f  t e r n -
.  I l l
p e r a t u r e  c a u s e d  b y  d i f f e r e n t  g r a d i e n t  ( T ^  ) ( T 2 ) ( T ^  ) a r e
e q u a l i s e d  a n d  t h e  r e s u l t a n t  g r a d i e n t  ( T m^ )  i s  t h e d r i v i n g  f o r c e
i n  a l l  t h e  e l e m e n t a r y  l a y e r s .
T h e n ,  w i t h  no  i n s u l a t i o n  b e t w e e n  t h e  l a y e r s  i n  t h e  e l e m e n t  
( i T x - l )  t h e  h e a t  r a t e s  t h r o u g h  p u r e  g a s e s  a r e :
f r O f t  -  ~ k e > ,  T ,  f a  • f y t h ,  ~ - k o t  / * ,  ■ ? *  '  ( f s /  ~  ~A<?3  z  J-7 +
t h e  t e m p e r a t u r e  g r a d  i n  t h e  m i x t u r e  ( T  ) a t ( x )  i s  a s s u m e d  as  
t h e  d r i v i n g  f o r c e .  T h e n  t h e  r a t e  o f  h e a t  t r a n s f e r  t h r o u g h  t h e  
e l e m e n t  ( ^ X ' / )  a t  x  i s :
f t * ) * .  ( f f f  f e f a  = :
- f a  f r c  V  f c  + k o  f f * )  • • • • ( 3 )
• • • • ( 5 a )
t h i s  me a n s  t h a t ( q x ) m k  =
i f - l  . = m x i k i + x 2 k 2^ X 3 k 3
m
w h i c h  i s  t h e  l i n e a r  e x p r e s s i o n  r e l a t i n g  t h e  a c t u a l  r a t e  o f  
h e a t  f l o w  (<lx ) m t o  t e m p e r a t u r e  g r a d ,  i n  t h e  m i x t u r e  a n d  t o  
c o n c e n t r a t i o n s . 242
